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Abstract 
Porous silicon finds numerous applications in the areas of bio-technology, drug delivery, energetic 
materials and catalysis. Vesta Sciences (US Research Company) have led the development of 
porous silicon nanosponge particles produced from metallurgical grade silicon powder through 
their own patented chemical etching process (Irish patent no. IE20060360). This discovery paves 
the way for a more economic production method for porous silicon and given its potential for use 
in a huge variety of different fields, further research into this material is therefore warranted in 
order to support suitable material applications development.  
 
This thesis characterises the porous silicon particles structural morphology using high 
resolution electron microscopy techniques combined with porisometry type measurements where 
appropriate. The related surface pore structure is examined using Scanning Electron Microscopy 
and Transmission Electron Microscopy techniques while the internal pore structure is explored 
using Focused Ion Beam milling and Ultramicrotomed cross-sections. The correlation between 
the porous structure formations due to the material composition is studied in detail using a 
combination of X-Ray Fluorescence & Inductively Coupled Plasma Spectroscopy, X-Ray 
Photoelectron Spectroscopy, Energy Dispersive X-ray Spectroscopy and Time of Flight 
Secondary Ion Mass Spectroscopy. Samples of the silicon particles include the starting 
metallurgical grade silicon powder and four other samples that have been chemically etched. 
Analysis of the etched samples indicates a disordered pore structure with pore diameters ranging 
from 5nm to 15nm on porous silicon particles ranging from 4-20μm in size. Crystallographic 
orientation was not found to affect the surface pore opening diameter or surface density of pores. 
Internal pore data indicated pore depths reached a maximum of 1μm dependant on the silicon 
particle size and etching conditions applied. Pore depth and position within the particles is found 
to be dependent on the presence, dispersion, and local concentration of surface impurities w ithin 
the starting powder. Particles less than 2μm in size were found to be fully porous throughout the 
particle.  
 
While the main focus of the thesis is to characterise the material structurally and examine the 
porosity formation mechanism in correlation with the chemical etching conditions applied, 
exploring potential bio-applications for the material is also a core objective of this project. 
Research is carried out using simulated body fluid experiments to test the bioactivity of the 
material both in nanosponge form and when combined into a porous silicon 
particulate-polytetrafluoroethylene sheet. The silicon particles are analysed before and after 
immersion into simulated body fluid using Scanning Electron Microscopy, Transmission Electron 
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Microscopy, Energy Dispersive X-ray Spectroscopy and X-ray Photoelectron Spectroscopy. 
Results show that a hydroxyapatite layer forms on the surface of the nanosponge particles and on 
the particulate sheet indicating that the material is bioactive in vitro. Experimental analysis 
indicates that the morphology and calcium-to-phosphorus ratio verify the formation of crystalline 
hydroxyapatite and also indicate the likelihood of close bony apposition in vivo. Due to its 
reactivity in vitro and its nanosponge porous structure, this material exhibits potential for use in 
bony applications, as well as in drug delivery device applications.  
 
 
 
Graphical Abstract: Scanning Electron Microscope image of a Metallurgical Grade Porous 
Silicon particle. 
 
 
 
 
 
 
 
 
 
 
What if a child dreamed of becoming something other than what society had intended? What if a 
child aspired to something greater? 
Jor-El (Man of Steel 2013) 
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1 Introduction 
This PhD project focuses on characterising Metallurgical Grade Silicon and Porous 
Silicon particles that have potential applications from biomedical engineering to 
energetic materials for military use. This thesis establishes a ‘benchmark’ of 
characterisation techniques and methodology which can be employed when dealing 
with similar materials of this nature and also investigates the potential bioactivity in 
vitro of this material using simulated body fluid experiments.  
1.1 Background to Porous Silicon  
Porous Silicon (PS) was originally discovered in 1956 by Arthur Uhlir and Ingeberg 
Uhlir at the Bell Laboratories in the United States of America when electropolishing 
Silicon (Si) wafers using hydrofluoric acid (HF).
1
 What formed was a coloured 
porous film on the Si wafer with pore formation occurring in the [100] direction.
2 
While this find was noted there was little interest in PS until 1990 when Canham and 
Lehman et al. made the discovery of its room temperature photoluminescence as a 
result of quantum confinement effects.
3-7
 There has since been an abundance of 
research into PS and related materials 
6,8-12
 to develop possible applications in areas 
such as optoelectronics, microelectronics, chemical and biological sensors, drug 
delivery devices and more recently energetic material devices.
13, 14
  
 
 
 2 
 
1.2 Porous Silicon Substrates  
The standard method for creating PS substrates is through doping Si wafers which 
are then electrochemically or chemically etched using HF based solutions.
15, 16
 Pore 
formation and propagation are usually dependant on the crystallographic orientation 
of the Si substrates used in an electrochemical or chemical etching processes. Other 
important properties of the PS material such as resultant pore size, pore volume and 
pore depth are very much dependant on the anodisation conditions applied i.e. HF 
concentration, oxidation, carrier type (n-type or p-type), current density, anodisation 
method and duration etc.
8-10, 17-18
 These parameters can be tuned to some degree 
resulting in tailoring of the Si porosity to desired conditions.  
Other etching methods derived from standard electrochemical and chemical etching 
processes include metal-assisted etching and in this method, PS is produced by 
electroless etching and galvanic displacement reactions (cathodic-anodic) between 
certain metallic ions at the Si surface in a fluoride-containing electrolyte.
19-22
 
Metal-assisted etching using elements of Platinum (Pt) and Silver (Ag) on Si have 
been documented as critical elemental factors to inducing PS formation.
19-22
 Gold 
(Au) assisted electroless etching of Si also induces porosity i.e. the Au film when 
deposited onto doped wafers reacts with the HF solution and causes breaking of the 
film into tiny Au particles which dissolve into the Si wafer surface resulting in pore 
formation.
22
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In all cases, surface factors such as oxidation and the cathodic-anodic reaction 
between the metal films, particles or metallic ions and the Si interface within the 
electrolyte applied are proven as the critica l factors for pore formation, nucleation 
and subsequent PS development. Etching pure Si wafers in HF without prior hole 
injection simply results in a passivated surface layer.
23
 
1.3 Porous Silicon Particles  
A method commonly used to create PS particles is through electrochemically etching 
Si substrates (N-type or P-type) and ultrasonically agitating them to produce PS 
particles with ordered pore structures.
24
 Another method comprises grinding and ball 
milling Si substrates into a powder and then etching the material to induce porosity.
25
 
Chemically etching Si particles to form PS particles with disordered pore structures 
is a much cheaper and easier production method. However, while much research has 
been focused on characterising electro-chemically produced PS from Si wafers 
26-29
 
little has been published on characterising the resulting pore structures and porosity 
of chemically etched Si particles. This is because of the ease at which pore structures 
in Si wafers can be achieved and tailored through electro-chemical etching 
30
 and the 
microscopical analysis and characterisation of the resultant material has been well 
documented.
17
 Progress in analysing ordered pore structures within porous materials 
in general has proved positive over the years, yet characterising disordered pore 
structures or pore networks proves to be a much greater challenge.
31
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1.4 Metallurgical Grade Silicon  
Metallurgical Grade Si (MGSi) contains a host of impurities such as Iron (Fe), 
Aluminium (Al), Calcium (Ca), Carbon (C) and Oxygen (O).
 32-34 
These impurities 
are located at grain boundaries of the material when it is manufactured.
 33
 Vesta 
Sciences (US based research company) have developed a process for producing low 
cost PS from MGSi particles through a patented chemical etching process.
32
 Here the 
MGSi particles are etched in a Hydrofluoric acid, Nitric acid and water 
HF/HNO3/H2O solution.
32
 This procedure results in a new high surface area material 
consisting of Si nanosponge particles with pores disposed throughout each individual 
particle.
 32
 
While Vesta Sciences have been able to tailor and tune the material to some degree, 
some key questions around the material properties still exist. The exact porosity 
formation mechanism as a result of this patented procedure is not fully understood. It 
is proposed that the porosity formation is due to a chemical reaction between the HF 
based electrolyte used and the impurities present within the bulk MGSi. However, no 
prior research has been carried out showing the impurities as the key mechanism for 
pore formation in MGPS. Even in metal-assisted etching techniques of Si, the 
impurities contained within MGSi are not generally used to obtain PS development.  
The nature of the pores i.e. ordered or disordered, the relative structure and pore 
depth has not been fully characterised. This is due to the difficulty with analysing a 
material of this size and morphology.   
 5 
 
Methods need to be established to characterise disordered porous particles of any 
chemical composition. Such materials are becoming more and more important for 
such areas as biomedical, drug delivery and energetic materials applications.
13, 14
   
1.5 Biomedical Applications  
In terms of biomedical applications, PS substrates have also been shown to be  
excellent candidate biomaterials following studies establishing their biostability and 
non-toxicity.
35
 Nanostructured PS is increasingly being used in bio-sensors and drug 
delivery therapies.
36, 38-39
 The development of micromachining technology has led to 
PS based devices being used in BIOMEMS and biochip applications.
37
 In 1995, 
Canham
40
 was the first to explore the idea of PS as a biomaterial with a range of 
dissolution experiments in SBF. He found that hydrated microporous films of silicon 
could induce HA growth on themselves and neighbouring areas of bulk silicon and 
suggested that silicon should be developed as an active biomaterial.  
PS microparticles have recently been investigated for use in delivering insulin across 
intestinal tissue and loaded with the isotope 
32
P to kill tumour cells.
41
 Si, in its 
crystalline and nanostructured forms is now seen as a platform for tissue engineering, 
drug delivery, cell culture and interfacing cells with electronic devices.
42-45
 Once 
exposed to physiological conditions, the native silicon hydride surface of PS is 
slowly oxidised and degraded into silicic acid, the soluble form of Si, which is 
considered essential for normal bone development.
46
 Si itself is thought to positively 
affect the cellular response at the implant-bone interface since Si is present in high 
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concentration in metabolically active osteoblasts and considered critical in 
extracellular matrix formation in bone and cartilage.
47
  
The potential bio-applications of PS would now seem abundant. However, the 
capability of MGPS to be used as a potential biomaterial warrants further 
investigation. There is the possibility it could be used as a potential drug loading 
device which, as research has previously shown should degrade into silicic acid in 
vivo allowing drug release and removal of the Si materia l from the host. Prior to this 
type of testing, full characterisation of the material and its relative porosity must be 
completed and simulated body fluid (SBF) experiments can then be used to assess 
the potential bioactivity of the material in vitro.  
In this research project, the relationship between the composition of the material and 
the resulting porous structure formation is examined in order to understand the 
porosity formation mechanisms of this material. The particles are studied extensively 
using Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy 
(TEM) to examine the particle structure and related pore size and pore volume. The 
pore orientation, surface density and opening diameter is studied with reference to 
crystallographic orientation. The structure and depth of the pores within the PS 
particles is also examined using Focused Ion Beam milling (FIB) and 
ultramicrotomed cross-sections. The elemental composition was determined using 
X-ray Photoelectron Spectroscopy (XPS) and Time of Flight Secondary Ion Mass 
Spectroscopy (TOF-SIMS). Convergent Beam Electron Diffraction (CBED) and 
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Raman Spectroscopy was conducted to examine variations in crystallite structure and 
strain in PS arising from changes to the conditions used to prepare the PS. Given its 
potential as a biomaterial, in vitro bioactivity experiments on the material were also 
explored. 
1.6 Aim of the Project 
The focus of this project is to characterise Metallurgical Grade Porous Silicon in its 
entirety and investigate the potential bioactivity of the MGSi and MGPS samples. 
Successful characterisation of PS involves using a host of analytical techniques 
including advanced microscopy to determine critical aspects including particle size, 
pore size, pore volume and pore depth, which have been deemed essential factors in 
tailoring the material for energetic and also bioactive applications. 
13, 48-49
 This 
project outlines a ‘benchmark’ of characterisation methodology that can be used for 
further research into porous microparticles. 
1.7 Fundamental Research Questions 
 
1. What is the mechanism for pore formation in Metallurgical Grade Porous 
Silicon? 
2. Is the pore structure that forms during chemical etching related to the 
crystallographic orientation of the Si particles used? 
3. Is the pore structure ordered or disordered? 
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4. What is a reliable technique for measuring pore depth in Metallurgical Grade 
Porous Silicon particles? 
5. Is the MGPS material used in this study capable of forming Ca/P layers on its 
surface in vitro and therefore bioactive in vitro? 
6. What are the devices or potential products that these MGPS materials can be 
used for and what future work needs to be undertaken to make it competitive 
for such applications? 
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2 Theory & Background 
2.1 Porous Materials  
Porous materials can be defined as any solid material containing pores.
50
 The 
porosity of a material generally means the fraction of pore volume to the total 
volume of the material. It consists of individual openings or spacing’s or 
interconnecting pores.
50
 Porosity can occur at a substrate surface or can completely 
penetrate through a bulk material.
51
 According to the IUPAC (International Union of 
Pure and Applied Chemistry), porous materials are generally divided into three 
categories: microporous or nanoporous (<2nm), mesoporous (2-50 nm) and 
macroporous (>50nm).
51
 
The Pores within a material are classified into two types: open pores and closed 
pores.
50
 The open pores connect to the outside of the material whilst the closed pores 
are isolated from the outside and may contain a fluid. Most of the industrial 
applications today require porous material with open pores. Porous materials for 
filters and carriers for catalysts and bioreactors need to have a high fraction of open 
porosity. Closed porous materials are used mainly for sonic and thermal insulators or 
low-specific-gravity structural components.
50
 Nano-porous materials abound in 
nature both in biological systems and in natural minerals. Bulk nano-porous 
materials which can be visualised as diminutive sponge like substances, are gaining 
increasing importance in industrial applications such as molecular sieving, ion 
exchange and catalysis.
53
 
 10 
 
2.2 Porous Silicon 
PS is considered a sponge-like structure created by either electro-chemical or 
chemical etching of bulk Si.
49
 This produces a random array of pores within the Si 
material. PS was originally discovered by Arthur Uhlir Jr. and his wife Ingeborg, at 
the Bell laboratories in the US in 1956.
1,54
 Uhlir and Ingeborg were developing a 
technique for cleaning, polishing and shaping the surfaces of germanium and Si by 
electrochemical etching in hydrofluoric (HF) acid solutions.
1,54
 Uhlir discovered that 
low current densities would induce a red or black crude product in the form of a thick 
film on the surface of the material.  
In 1971, Watanabe and Sakai demonstrated the first application of PS in electronics 
with ‘full isolation by the porous oxidized process’ (FIPOS), where the PS layers 
were used for device isolation in integrated circuits.
30
 The main focus of research 
during this period was based on using oxidised PS as a dielectric isolator.
30
 Then, in 
the late 1980’s, at the Defence Research Agency in England, Leigh Canham 
discovered that PS was able to display quantum confinement effects. In a published 
experiment in 1990 it was revealed that Si wafers can emit light if subjected to 
electrochemical and chemical dissolution.
5
 This particular phenomenon is known as 
photoluminescence. Major interest has since grown concerning the uses and various 
applications that could arise from using PS.
5
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2.2.1 Porous Silicon Formation 
The two most commonly employed methods applied to achieve PS formation are 
electro-chemical etching and chemical etching of Si in HF based solutions.
15-16
 In the 
case of electrochemical etching of pure intrinsic Si wafers, it is generally accepted 
that only a hydrogen (H) passivated surface layer results.
23
 Hole injection and doping 
in bulk Si wafers prior to etching is essential to allow the HF electrolyte penetrate 
into voids and attack the material thereby resulting in the initial dissolution phase of 
the Si surface layer and a porous surface structure being formed.
23
 The anodisation 
cell can be one of three types such as a lateral cell, single-tank or double tank cell 
and the potential current applied, usually a constant current at low current density, 
allows maximum control of parameters such as porosity, thickness and uniformity of 
the final PS layer structure.
18
  
Pore initiation and dissolution in the Si wafer material is however, still under some 
review with different mechanisms being proposed.
18
 It is now generally accepted 
though that bulk Si must be doped and contain holes before applying an 
electrochemical etching procedure to initiate pore formation.
18
 HF is considered 
unreactive with a pure bulk Si surface because once it removes any oxide layers it 
leaves the surface hydrogen terminated with one H atom bound to each surface Si 
atom. To initiate further reactivity and induce etching, the H-terminated surface must 
be activated either electrochemically (applying a sufficient voltage) or chemically 
(adding an oxidant with a sufficient electrode potential). This formation of H bubbles 
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on the surface gives rise to inhomogeneous microporous Si formation.
23
 The 
application of the anodisation cell and potential current results in an electron being 
removed from the Si-H bond created initially, thus causing a hole (a vacancy in the Si 
valence band). The previously passivated Si-H bond is now activated and becomes 
susceptible to attack by the fluoride solution.
18,55
 Etching now proceeds rapidly 
inducing pore formation. Once the pore is formed it is the constant potential current 
that maintains an invariable concentration of HF at the pore tips leading to a more 
homogenous in-depth porous layer structure being formed.
15
 Properties of the Si 
material such as pore size, volume and depth in this instance, are very much 
dependant on the anodisation conditions applied, for example: HF concentration, 
type of wafers (N-type or P-type), crystallographic orientation, current density, 
anodisation duration.
15,18
 These properties are then tuned to the desired ranges by 
tailoring the anodisation conditions.  
Chemical etching or stain etching applied to Si wafers is a much easier but less 
frequently employed technique. The key mechanism to form PS is through the 
etchant solution used (HF, HNO3 and water (H2O)). Nitric Oxide (NO) is produced 
on the surface of the Si which serves as the hole injector.
16
 HNO3 then serves as the 
catalyst for porous layer formation.
16
 Various mechanisms are again proposed for the 
overall dissolution chemistry associated with PS formation through this method 
16, 
56-57
 but in general the porous layer structure is formed under similar conditions to 
the electro-chemical etching method discussed previously. Another key to forming a 
porous layer structure through chemical etching is the application of certain elements 
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onto the Si surface such as a thin aluminium (Al) film onto a Si substrate.
58
 
Dimova-Malinovska. et al. showed that the Al film (up to 200nm in size) actually 
reacted with the HF solution and in this case was the mechanism for hole initiation 
and the porous structure formation.
58
 Up to 1μm thick porous layers on Si wafers can 
be developed using this method. Most electrochemical etching procedures can induce 
porosity up to a few microns thick depending of course on the relative size of the Si 
wafer or Si particle.
16
 Gold (Au) assisted electro-less etching has been seen to cause 
much deeper pore formation into Si wafers.
22
  
In one particular study, a nanometre sized Au film (~4nm) is deposited onto doped 
wafers which upon reaction with the HF based solution causes breaking of the film 
into tiny Au particles on the surface of the Si wafer. The applied etching conditions 
causes pore formation at the position of the Au particles on the surface and relative to 
the size and morphology of the particles formed.
22
 Metal-assisted etching using thin 
films of platinum (Pt) and silver (Ag) on Si has also been documented as the critical 
elemental factors to inducing PS formation.
19-21
 Incorporating iron (Fe) into HF 
solutions has also been shown to affect the etching process to some degree.
59
 The 
application of electroless, electro-chemical and chemical etching procedures applied 
to Si is now well documented.  
2.2.2 Metallurgical Grade Porous Silicon 
Metallurgical Grade Silicon (MGSi) powder contains impurities including Fe, Al, Ca, 
carbon (C) and oxygen (O).
32-33
 During the manufacturing process it is believed that 
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these impurities are a result of the smelting and grinding process applied to make the 
MGSi powder.
32
 Previous studies have shown that MGSi powder contains a host of 
impurities with Fe, Al and Ca being heavily deposited at the grain boundaries of the 
material.
33
 Vesta Sciences (US Research Company) are a leading manufacturing 
company in producing MGPS from MGSi powder. They incorporate a jet-milling 
process on larger particulate sized MGSi powder to break the powder into micron 
size particles.
32
 During the milling process, these powder particles will fracture along 
grain boundaries where impurities are segregated and therefore particles will have 
more impurities on the surface. It is proposed that these impurities then react with the 
chemical etchant applied causing hole initiation and PS formation at the surface 
relative to the etching rate of Si.
60 
2.3 The Role of Silicon in Healthy Bone Development 
From a biological perspective Si is an essential trace element which has been linked 
to the health of connective tissues and bones.
14
 Previous research investigating the 
role of Si within the body has shown that increased dietary Si is associated with 
increased bone mineral density (BMD) in the cortical hip bone of a range of 
subjects.
61
 Large differences were observed in BMD values (up to 10%) for a dietary 
intake of between greater than 40mg Si/day and less than 14 mg Si/day quintiles of 
Si intake. The range of subjects included 1295 men (aged 59.4 +/- 9.6 years), 306 
premenopausal women (aged 47.0 +/ 4.7 years) and 1325 postmenopausal women 
(aged 61.4+/- 8.3 years). Dietary Si was obtained from food sources such as 
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cereals/grains and their products such as breakfast cereals, bread, beer, and some 
fruits and vegetables such as bananas, beans and lentils.
61
 This research shows that Si 
can be used to stimulate bone growth through an increased dietary or supplement 
intake. The average dietary intake currently for Si is between 20-50mg Si/day in the 
Western world.
61
 Carlisle et al. first reported the presence of Si (0.5 wt %) in-vivo 
within the mineral osteoid regions such as the active calcification sites of normal 
tibia from young mice and rats.
62
 It was also demonstrated that Si supplemented 
embryonic chick bones showed a 100% increase in collagen content over Si-low 
bones after 12 days in culture.
63
 Studies of skeletal development in Si-depleted 
chicks showed reduced circumference of leg bones with a thinner cortex and reduced 
flexibility.
64
  
Hydroxyapatite (HA) Ca10(PO4)6(OH)2, is a biomimetic calcium phosphate (CaP) 
ceramic with a similar composition to bone mineral.
65
 It is the primary constituent of 
bone i.e. a typical cortical bone mineral matrix is comprised of 70% hydroxyapatite 
and 30% organic (largely collagen).
66
 It is bioactive and has been therefore used in 
dental and medical applications including coatings for hip replacements and  bone 
grafting materials for filling bone cavities.
65
  
The most common structural form of HA is hexagonal. It possesses Ca
2+
 sites 
surrounded by PO4
3
- tetrahedra parallel to the hexagonal axis.
67
 The most common 
form is hexagonal and the crystal structure has been described in the space group 
P63/m (No. 176) with lattice parameters a = b = 9.432 Å and c = 6.881 Å, Z = 1.
67
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The structure is depicted in Fig. 1. The 10 Ca
2+
 ions occupy two crystallographically 
different symmetry sites, 4f and 6h. Four Ca
2+
 ions (4f ) are located in columns along 
the three-fold axes at 1/3, 2/3, 0 and 2/3, 1/3, 0 separated by approximately one half 
of the c -axis. These are commonly referred to as Ca
1
 (or column Ca).
67
 
Ca
1
 is coordinated to nine O atoms, with six shorter bonds that define an approximate 
trigonal prism and three longer bonds capping the prism faces. The Ca-O9 polyhedra 
share the trigonal faces to form chains parallel to the c -axis. The remaining six Ca
2+
 
ions (6h sites, referred to as Ca2 or triangular Ca) form two triangular sets at z = 1/4 
and 3/4 on the mirror planes. The Ca
2
 ions are seven-coordinated, with six O atoms 
and one OH_ ion. The six PO4
3
- ions occupy 6h positions similar to the Ca
2
 ions, in 
expanded triangular positions.
67
 
 
Figure 2.1: Crystal structure of hydroxyapatite projected down the c-axis. The 
corners of the unit cell (marked by shaded circles) are occupied by F_ in FAp and by 
OH_ in OHAp. An alternate choice of unit cell is identified as a' and b' .
67
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Si, when substituted into HA has been shown to improve bioactivity and increase the 
bone bonding ability of the ceramic (see Table 2.1) 
68-69
.  
Table 2.1 Comparison of in-vitro and in-vivo bioactivity of HA and Si-HA 
 HA 0.8 wt.% 1.6 wt.% 
Time required to form a surface layer of apatite in-vitro (days) 24 17 11 
Percentage bone/implant coverage at 23 days in-vivo 47%±4 60%±7 - 
Carlisle et al. has shown that Si is concentrated in the active bone growth sites of 
young mice and rats (co-localized with osteoblasts) and increased together with the 
level of Ca in osteoid tissues.
62-64
 As the bones develop or ‘mature’, the Si levels 
diminish as Ca levels increase to those of fully mineralized bone. This research 
suggests that Si may have a role in the development of an organic matrix and 
subsequent initiation of calcification and is further evidenced by the concentrations 
of collagen and glycosaminoglycins which are suppressed in Si deficient animals 
while the mineral composition of bone is largely unaffected.
62-64
 Glycosaminoglycins 
are shown to be associated with Si in numerous tissue types and it has been indicated 
that Si is associated with organic phosphorus prior to calcification.
62-64
 These results 
support the arguments that Si has a role in co-coordinating glycoprotein 
phosphorylation reactions with collagen prior to the growth of HA crystals.
62-64
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2.4 Simulated Body Fluid 
In 1991, Kokubo and Takadama outlined that the essential requirement for an 
artificial material to bond to living bone in-vivo requires the formation of bone-like 
apatite on its surface and that this in-vivo apatite formation could be reproduced 
using simulated body fluid (SBF) with ion concentrations nearly equal to those of 
human blood plasma.
70
 Thus, the in-vivo bone bioactivity can be assessed in-vitro 
using SBF. The formation of a bone-like apatite layer on the surface of a material 
creates the bond between the substrate material and living bone. Bioactive glasses, 
apatite containing glass-ceramics, composite glass-ceramics, sintered HA and apatite 
β-tricalcium phosphate biphasic ceramic were all found to produce an apatite layer 
on their surface in SBF and when implanted in-vivo they also bonded to living bone 
through formation of a CaP apatite layer.
70
 Thus, the direct correlation between 
in-vitro results and in-vivo results are once again clarified. The composition of SBF 
to be used and methodology to be followed when performing studies with SBF is 
outlined in work by Kokubo and Takadama et al. and the British Standards ISO 
23317:2007.
70,71
  
The precipitation of bioactive CaP in SBF is governed by complex thermodynamics, 
consisting of seventeen association/disassociation reactions.
72
 SBF is a 
supersaturated solution with respect to apatite; however, it does not spontaneously 
deposit apatite during storage at 36.5°C indicating that the degree of supersaturation 
is not so high as to induce homogeneous apatite nucleation. Tanihara et al. identified 
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the factors, which govern heterogeneous apatite nucleation on a substrate.
73
 The rate, 
I, of heterogeneous nucleation of a crystal on a substrate in a solution at temperature 
T is given by Equation 1: 
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Where: 
ΔG is the free energy for the formation of an embryo of crystal size 
ΔGm is the activation energy for transport across the nucleus-solution interface.  
Of these ΔGm is independent of the substrate. ΔG is given by Equation 2. 
 
 
∆G = 16Ơ3f(θ) / 3(kT/Vβ ln(IP/Ko))  …Equation 2 
Where: 
σ = the interface energy between the nucleus and the solution. 
IP = the ionic activity product of the crystal in the solution. 
K0 = the value of IP at equilibrium (the solubility of the crystal). 
 f  = a function of constant angle between the nucleus and the substrate.  
V = the molecular volume of the crystal phase.  
 
Among these terms  f  depends on the substrate and IP/K0, a measure of the 
degree of supersaturation also depends on the substrate when the substrate releases 
some constituent ions of the crystal. Therefore an increase in the ionic activity 
product or a decrease in  f  is effective for heterogeneous apatite nucleation.72 
An increase in the ionic activity product of apatite can be facilitated by release of 
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Ca
2+
, PO
3-
4, or OH
-
, which are constituents of apatite. Among these Tanihara et al. 
states that increasing Ca
2+
 is most effective.
72
 Lu and Leng et al. carried out 
thermodynamic and kinetic analysis of SBF and found that HA precipitation exhibits 
a higher thermodynamic driving force than octacalcium phosphate (OCP) or 
dicalcium phosphate dehydrate (DCPD) even though OCP precipitation is kinetically 
favourable in SBF. 
72
 
Similarly, DCPD does not have a thermodynamic driving force of precipitation in 
SBF, even though it has kinetic advantages in nucleation. Generally, precipitation of 
carbonate-containing HA is more kinetically favourable than that of stoichiometric 
HA and has the same level of thermodynamic driving force. Precipitation of 
calcium-deficient HA is also more kinetically favourable, but its thermodynamic 
driving force is lower than that of stoichiometric HA.
72
 On the basis of the 
thermodynamic principals that govern apatite precipitat ion, a mechanism of apatite 
formation can be explained.  
There are two important factors pertaining to apatite formation on a material in SBF. 
The first is the release of ionic species to increase the degree of supersaturation of the 
surrounding fluid with respect to apatite and the other is the existence of favourable 
sites for heterogeneous nucleation. Bioactive glasses or ‘bioglasses’ are a type of 
biomaterials based on amorphous silicate compounds and have been used clinically 
as bone regenerative materials in dental and orthopaedic applications.
74
 For 
bioglasses, the following mechanism is proposed. Upon immersion in SBF, 
 21 
 
dissolution of the material’s surface occurs and results in the release of Ca2+ ions into 
solution and the formation of Si-OH groups. At the interface, the degree of 
supersaturation of SBF increases with respect to apatite until the free energy barrier 
for the formation of a critical nucleus ΔG is reached. Once reached, crystal 
nucleation begins at precise sites along the substrate surface and crystals attach at 
specific sites along the substrate (e.g. Si-OH groups). Once the critical nucleus is 
attached to the substrate it grows by the ionic deposition of
 
Ca
2+
, PO
3-
4 and OH
-
 from 
solution onto the growing nucleus, with neighbouring crystals imposing space 
restrictions thus governing the direction of the growth. The process continues until 
the surface has been fully covered and a bioactive surface layer of CaP has been 
formed.
 
 
It has been speculated that apatite formation on silica gel is induced by silanol groups 
on its surface. However, it has also been proposed that pores play an important role 
in nucleating the apatite, rather than the silanol groups.
75-76
  
In studies by Pereira et al. induction time for apatite formation on a silica gel in SBF 
was shown to increase with decreasing pore volume and pore size, as such it was 
postulated that negatively charged pores larger than a 2 nm radius provide favourable 
conditions for the apatite nucleation and hence act as nucleation sites.
77-78
 On the 
other hand, West and Hench proposed, on the basis of molecular orbital calculations, 
that surface defects such as trisiloxane rings are effective for the apatite nucleation.
79
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Cho et al. found that neither the presence of the silanol groups nor that of the 
trisiloxane rings is a sufficient condition for apatite nucleation and that the presence 
of pores larger than 1.7 nm is also an insufficient condition for the apatite 
nucleation.
80
 However, it was speculated that a certain type of structural unit of 
silanol groups was effective for apatite nucleation.  
It is important to note at this point that while SBF in vitro tests are considered an 
essential ‘guide’ for predicting in-vivo bioactivity and determining the bone bonding 
ability of a material, it is also possible for some materials to invoke a successful 
in-vivo response even though they were unsuccessfully trialed in SBF. Bohner and 
Lemaitre outlined certain aspects of the current and established SBF which is used by 
many researchers, which could be improved upon to further resemble blood serum.
81
 
It is proposed that the simplest SBF solution should be in equilibrium with DCPD.
81
 
The current SBF used however, is also established as the main method for exploring 
potential in-vitro bioactivity. 
2.5 Porous Silicon & Bioactive Silicon Coatings 
Biomaterials are a select group of materials used for medical treatment within the 
human body.
82
 They can be either modified natural or synthetic materials which find 
application in a wide variety of medical applications e.g. dental implants and 
prosthesis used for repairing, enhancing or replacing natural tissues.
83
 A key element 
of biomaterials is that they must assist in a medical function or capacity while 
maintaining compatibility with human organs and tissues
82
. Examples of clinical 
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biomaterial applications today include joint replacement, vascular grafts and heart 
valves.
83
  
In terms of potential bio applications of Si and PS materials, research is currently 
underway exploring the use of Si and PS for enhancing current medical device 
coatings by producing composite materials and also exploring the use of Si and PS as 
a standalone coating material, as well as drug delivery devices.  
A novel approach to creating potential bioactive mesoporous silica coatings for 
implants was outlined by Gomez-Vega et al. in 2001. Here, Si substrates were etched 
in HF (5 vol. %) for 30 seconds to remove a silica layer. A substrate of Ti6Al4V was 
then coated with the mesoporous silica film (0.1 to 1µm) through a spin casting 
method using sol-gels as described.
84
 After immersion for 7 days in SBF, 
hemispherical formations of apatite crystals with a leaf-like texture were observed on 
the surface of the coating material.
84
 This outcome in-vitro is indicative of the 
potential bone bonding ability of this bioactive coating material in-vivo.
85
  
Since HA is already known to be bioactive and osteoconductive, it is therefore the 
current bioactive coating of choice for metallic implants. Investigations into 
combining this already osteoconductive material with Si and PS are underway due to 
the potential to enhance the bioactive properties, bonding ability and life-span of the 
coating at the implant-bone interface.
35, 86-87
 Si itself is thought to positively affect 
the cellular response at the implant-bone interface since Si is present in high 
concentration in metabolically active osteoblasts and considered critical in 
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extracellular matrix formation in bone and cartilage.
86
  
Thian et al. investigated the in-vitro bioactivity of Si-doped HA coatings applied to a 
titanium substrate through magnetron co-sputtering in SBF. When comparing the 
as-sputtered HA (control sample) and Si-doped HA coatings it was revealed that a 
denser precipitated layer formed on Si-doped HA showing improved bioactivity 
compared to the as-sputtered HA material.
86
 The increased bioactivity of the 
Si-doped HA can be attributed to the chemical reactions between the SBF and the 
coating material. During the initial dissolution phase Ca (Ca
2+
) and P (P
5+
) ions are 
released into the SBF which increases the degree of super-saturation of SBF with 
respect to apatite. This facilitates the initial formation of CaP nuclei on the coating 
surface by consuming the Ca
2+
 and P
5+ 
in the SBF.
86
 CaP crystallite growth results in 
combination with the formation of additional nuclei creating a surface apatite layer. It 
is suggested that the incorporation of Si into the HA coatings results in Si
4+ 
ions also 
attaching to the surface of the coating as SiO4
4+ 
ions thus inducing further sites for 
nucleation and crystallization of the apatite layer.
86
  
Annealing the sample has also been shown to increase the rate at which the apatite 
layer forms in-vitro. Gibson et al. has also reported that the incorporation of Si into 
HA enhances osteoblast cell activity and increases apatite formation in SBF when 
compared to phase-pure HA.
88
 Sanchez et al. explored the modification of a PS 
substrate by coating with HA through cathodic bias in an electrochemical process in 
a cell culture study.
89
 The resultant material proved to have positive results showing 
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proliferation of macrophages on the surface of the modified PS-HA material.
89
  
An improvement in the mechanical properties of Si-incorporated coralline HA to 
Porous HA was achieved by Kim et al. showing an increase in compressive strength 
of up to 5.5 Mpa.
90
 Niu et al. explored vacuum plasma spraying of Si coatings onto 
Ti6Al4V and showed improved in-vitro bioactivity when the samples were cleaned 
prior to SBF treatment at high temperature using de-ionized water.
91
 It is proposed 
that the Si-OH groups which exist on the surface of the Si coating react with the 
hydroxyl ions in the SBF creating a negative charged surface with a Si-O
-
 functional 
group.
91
 This negative surface then attracts positive Ca
2+
 ions which are the first 
crucial ions needed to form an apatite layer. Adsorbtion of the Ca ions onto the 
surface coating results in hydrated precursor clusters containing Ca Hydrogen P. 
These clusters then grow by consuming the CaP ions in the SBF forming an 
amorphous CaP phase which later crystallizes into carbonate containing HA.
91
  
The structure of the bond between bone and PS substituted HA was explored by 
Porter et al. in 2005.
92
 This in-vivo study explored the PS-HA bioceramic after it was 
placed into the distal femur of a rabbit and examined after a 6 week period. Results 
showed the growth of organized collagen fibers into the strut porosity at the bone 
PS-HA implant interface which then formed into mineralized fibrils within the 
implant.
92
 It was observed that the apatite crystallites directly abutted and overlayed 
the Si-HA grains. Hence bone simply weaves over Si-HA forming a mechanical 
interlock and biological bond to the underlying ceramic.
92
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The majority of Si-HA coatings can be applied using plasma spraying, magnetron 
co-sputtering, sol-gel and pulse laser deposition.
93
 Li et al. reported on the formation 
of uniform Si-HA phase coatings up to 1.4µm thick on commercially pure Ti 
substrates using an electrochemical deposition technique in electrolytes containing 
Ca
2+
, PO4
3- 
SiO3
3-
 ions with various molar ratios (nsi).
93
 This particular technique had 
a negative drawback which showed that the presence of Si in the electrolyte acts as 
an inhibitor to the growth of Si-Ha crystals leading to a decrease in potential coating 
thickness and results in overall changes to the HA crystal structure due to the loss of 
some OH
- 
ions.
93
  
Zhang et al. studied the effects of HA and Si-HA coatings applied to porous Ti.
94
 The 
porous Ti which had a pore size of up to 150-600µm and a porosity of 67% was 
prepared using a fiber sintering process.  
The HA and Si-HA coatings were applied to the porous Ti through a biomimetic 
coating process. In-vivo studies showed that the Bone In-Growth rate (BIR) of the 
HA and Si-HA coatings were significantly higher than the uncoated porous Ti and 
that overall the Si-HA coated porous Ti displayed significantly higher BIR and 
highly improved surface bioactivity than the HA coated porous Ti.
94
  
Another study was conducted by Zhang et al. exploring the bioactivity of Si 
incorporated TiO2 (Si-TiO2) coatings compared to TiO2 coatings and Ti plates.
95
 The 
Si-TiO2 coating was prepared by Micro-Arc Oxidation (MAO) in a Ca, P, Si 
containing electrolyte. MAO is a plasma assisted electrochemical method that 
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produces thick, rough and nano-structured oxide films on Ti. Here MC3T3-C1 
osteoblastic cells were seeded onto the three substrates with the Si-TiO2 showing the 
greatest cell attachment and proliferation. This was attributed to the Si releasing from 
the TiO2 contributing to extracellular pH changes causing the structural alteration of 
the cell transmembrane proteins.
95
 These altered proteins interact and bond with 
proteins adsorbed on the Si-TiO2 coatings from the culture medium promoting the 
attachment of the cells onto the surface. The porous surface structure is also thought 
to play a key role in attachment and proliferation.
95 
2.6 Porous Silicon in Drug Delivery & Therapeutics 
PS is increasingly being investigated for use as a potential material for drug delivery 
and therapeutics given its unique properties including high drug loading capacity, 
tunable surface porosity, heat and radiation stability, in-vivo biocompatibility and 
controlled release properties.
96
 Prestidge et al. studied the loading of a model 
hydrophilic protein - papain into stain etched and anodized PS powders. Analysis 
concluded that the papain burst and sustained release is dependent on the PS type and 
loading level and that the loading of the protein was more efficient for the anodized 
PS than the stain etched PS.
96
 Mesoporous Si microparticles were produced using 
thermal carbonisation (TCPSi) and thermal oxidation (TOPSi) to create particle 
surfaces which were suitable for drug administration applications.
97
 The loading of 
five drugs (antipyrine, ibuprofen, gr iseofulvin, ranitidine and furosemide) into the 
microparticles and their subsequent release behaviour was examined.
97
 The loading 
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efficiencies varied between 9%-45% while the release rate was dependant on the 
characteristic dissolution behaviour of the drug substance. When the dissolution rate 
was high the microparticles caused a delayed release.
97
 Providing controlled and 
localised release of therapeutics within the body are essential objectives for 
improving efficiency and reducing the risks of potential side effects.
14
  
The work of Bayliss, Canham and Mayne et al. established the low toxicity of porous 
Si through in vitro and in vivo studies. Mayne and Bayliss et al. examined the growth 
of neurons (B50 cell line) on a PS surface & subsequently reported the quantification 
of silicic acid and silica toxicity on the B50 cells in culture confirming that the by 
products of PS manufacture are non-toxic
45
. Its high porosity and tunable surface 
chemistry has created a surge of interest in developing PS as a potential mother-ship 
for therapeutics, diagnostics and other types of payloads.
14
 PS was previously 
explored as a potential therapeutic agent for cancer treatment.
98
 Photodynamic 
therapy (PDT) has some short and long-term side effects arising from reactive 
oxygen species (ROS). Single-walled carbon nano tubes (CNT) combined with 
near-infrared (NIR) light irradiation developed significant interest due to their heat 
generation capability and potential to develop them as therapeutic nano-bomb 
agents.
98
 This particular PS study showed that the surface temperature of PS 
increased as quickly and as high as CNT and this generated heat is sufficient to kill 
off cancer cells. The PS was also found to produce smaller amounts of ROS than 
CNT during NIR light irradiation.
98
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Mesoporous Si was developed as a multistage delivery system for imaging and 
therapeutic applications.
24.
 The mesoporous Si particles were biodegradable and 
biocompatible with well controlled shapes, sizes and porosity and able to carry, 
release over time and deliver nanoparticles to primary endothelial cells.
24
 Another 
study investigated the interaction of B50 rat hippocampal cells with stain-etched 
PS.
99
 These cells showed a clear preference for the PS material surface compared to 
an untreated surface and it was observed that the network pattern is influenced by a 
single neuron response to the material surface nature and topology.
99
  
Porous materials such as mesoporous silica nanoparticles (MSN’s) have shown the 
ability to carry basic fibroblast growth factors (bFGF), proteins which play a key role 
in wound healing and blood vessel regeneration.
100
 Their biocompatibility & drug 
delivery ability was confirmed through a study by Jiu Lu et al. indicating that MSNs 
can preferentially accumulate in tumors, delivering drugs to the tumors and suppress 
tumor growth in vivo.
101
 PS is similar to MSN’s in that they have well documented 
surface properties, tunable pore sizes and very large surface areas making them ideal 
candidates for drug delivery devices, therapeutics and cell culture mediums and 
general biocompatible materials for a wide range of applications
102
.  
 
2.7 Guided Bone & Tissue Regeneration Devices 
Bioceramics were first introduced to the world of orthopaedics during the 1960’s. 
These are classified into 3 types according to their tissue response; bio-inert (alumina 
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and zirconia), bioactive (hydroxyapatite (HA) and bioglass) and bioresorbable (β 
tri-calcium phosphate (β-TCP).103 HA and bioglasses are generally used as bone graft 
substitutes and coatings on metallic implants due to their ability to elicit a strong 
interfacial reaction and bond with the host tissue.
103
 Autografts and allografts remain 
the gold standard in graft surgery. However, issues including donor shortage and risk 
of infection make synthetic grafts an attractive option. Synthetic substances are more 
readily available and have greater sterility but the selection of grafting material is 
dependent on the nature and dimensions of the bone defects as well as choice of 
available grafts.
103
 The treatment of bone defects, both small and large represents a 
great challenge for the orthopaedic and craniomaxiofacial fields.  
Guided bone regeneration (GBR) or guided tissue regeneration (GTR) is a 
specialised treatment concept which allows regeneration of osseous defects through 
the application of occlusive membranes at specific defect sites.
104
 The main function 
of the membrane is to mechanically prevent the undesirable penetration of epithelial 
cells and fibroblasts to the bone defect area, creating a secluded space where bone 
regeneration may occur. The membrane barrier may also act to prevent infection and 
sepsis and acts as a replacement to a damaged periosteum. Covering defect sites with 
membranes enhances healing and is particularly useful in non-load bearing areas 
such as cranial and maxillofacial applications. Use of Polytetrafluoroethylene 
(PTFE) has shown to improve bone healing in numerous animal models.
105-111
 
Improved GBR membranes may also have applications in load-bearing orthopaedic 
applications, such as traumatic comminuted fractures, wherein the periosteum has 
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been badly damaged or dissected. Used in combination with plates and pins, these 
devices could aid healing at such sites, preventing soft tissue ingress and allowing 
controlled release of osteogenic agents, such as strontium renelate or 
bisphosphonates. Current research has also shown the potential for a GBR-PTFE 
membrane to aid in preventing wear particle induced osteolysis in orthopaedic 
implants by acting as a seal at the bone-cement interface.
112
 The GBR products 
currently available in the market are GoreTex
®
 (e-PTFE) (W.L. Gore & Assoc., 
Flagstaff, USA), Regencure (AMCA) and CollaGuide™ (bovine-derived collagen 
type I), EpiGuide
®
 (polylactic acid), Inion GTR™ (copolymer of L-lactic, D-lactic & 
glycolic acid) (Riemser Dental, New York, USA), Ossix™ (collagen) (OraPharma 
Inc., Warminster, USA), BioMend
®
 (collagen) (Sultzer Calcitek Inc., Carlsbad, 
USA), Millipore filter
®
 (cellulose ester) (Millipore Corp., Bedford, USA), Guidor 
(polylactic acid ester) (John O. Butler Co., Chicago, USA), Resolut (PLGA) (W.L. 
Gore & Assoc., Flagstaff, USA).  
However, none of these commercially available products enhance the growth rate of 
new bone or contain antibacterial properties, as a result, repair of mandibular bony 
defects remains a major problem in reconstructive surgery, with bone growth 
remaining slow.
113
  
Given the drug and protein loading capabilities of PS, there is the potential to 
develop an improved GBR device which could also be loaded with growth factors, 
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antibiotics or drugs capable of aiding bone healing or inducing a particular cell 
lineage at the implant site.  
In the case of this thesis, a full characterisation methodology must be employed, 
encompassing morphological, structural, compositional and bioactivity studies in 
order to fully understand the material & its processing parameters and aid in 
developing suitable materials applications.  
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3 Experimental Work 
The materials used within this thesis are comprised of MGSi and MGPS samples of 
different grades and a MGSi-Polytetrafluoroethylene sheet developed by Vesta 
Sciences. After performing a thorough literature review of related PS materials & the 
subsequent characterisation techniques employed to analyse those materials, it was 
noted that little has been done on characterising porous microparticles produced in 
the manor of the material analysed in this thesis. More focus has been placed on PS 
wafers & substrates. A series of experiments were therefore outlined based on the 
analysis techniques employed by other researchers when investigating PS materials 
as covered within the thesis literature review (Chapter 2 Theory & Background). 
This chapter outlines a ‘benchmark methodology’ for structural and compositional 
analysis for porous microparticles of this size and morphology. 
3.1 Metallurgical Grade Porous Silicon Preparation 
The MGSi powder is supplied from Vesta Sciences which is sold under the trademark 
of Sicomill
TM
. The powder initially has a particle size ranging from 1-3mm before 
being jet milled. The milled particles are then separated and particles ranging up to 
about 4µm in size are isolated. PS nanosponge particles are then prepared by 
chemically etching the isolated MGSi particles using a patented etching process 
carried out by Vesta Sciences.
 32
 The particles are chemically etched in a nitric-acid 
(NO3) - (HF) based mixture as described by Farrell et al.
32
 which induces the 
porosity within the MGSi particles. The composition of the chemical etchant is of  
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Hydrofluoric Acid (HF) : Nitric Acid (HNO3) : Water (H2O) at a ratio ranging from 
4:1:20 to 2:1:10 by weight.
 32
 When the etching process is complete (i.e. 
photoluminescence is observed due to quantum confinement of Si feature sizes 
below the Bohr radius of the material and also from defect induced emission for 
features >4-5 nm in size)), the etched powder is removed from the acid bath and 
dried in perfluoroalkoxy (PFA) trays at 80
°
C for 24 hours. The result is the creation 
of MGPS nanosponge particles where each particle comprises a plurality of 
nanocrystals with pores then disposed between the nanocrystals and throughout the 
entire nanosponge particle.
 32
 By varying the nitric acid concentration in the etchant 
mixture the surface area of these powders can also be tailored 
32, 34
.  
 
There are three main samples of MGSi powders structurally & compositionally 
analysed in this thesis.  
1. 2E-Bulk – The starting MGSi powder used to make the MGPS particles  
2. 2E-100 – MGPS powder manufactured from a grade 2E-Bulk MGSi powder 
after chemically etching with a nitric acid concentration and etching time 
corresponding to that needed to obtain the highest surface area and 
photoluminescence (100% is defined as the nitric acid concentration and 
etching time that results in powders that exhibit the highest surface area, 
porosity and photoluminescence with an ultraviolet light).  
3. 2E-60 – MGPS powder manufactured from the 2E-Bulk MGSi powder but 
only chemically etched with 60% of the nitric acid and time used for 2E-100. 
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There are three more samples  used in the Bioactivity experimental work. They 
include: 
4. 4E-100 – MGPS powder manufactured from a grade 4E-Bulk MGSi powder 
& chemically etched with 100% of the nitric acid as used for sample 2E-100.  
5. 4C-100 – As for 4E-100 but with a much larger average particle size of 20 
microns. 
6. A Metallurgical Grade Porous Silicon-Polytetrafluoroethylene (MGPS-PTFE) 
sheet developed as per section 3.1.1. 
Grade ‘2E’ ‘4E’ & ‘4C’ refers to the specific grade of material i.e. Grade 2 samples 
have a higher impurity level than Grade 4 samples and ‘E’ grades have a smaller 
average particle size of 4 microns compared to 20 microns in the grade ‘C’ material.  
 
3.1.1 Metallurgical Grade Porous Silicon-Polytetrafluoroethylene  Sheet 
A MGPS-PTFE sheet was supplied by Vesta Sciences. This sheet was produced by 
mixing ~10wt% PTFE beads (Dupont No.60 Teflon™) with a specialized grade of 
high porosity MGPS particles and a solvent. The mixture was extruded using a 
fibrillation technique to produce particles embedded in a PTFE sheet while 
preserving the nanoporous structure of the individual MGPS particles and the surface 
area. The MGPS particles were chemically etched in a similar fashion to sample 
2E-100 to produce high surface area powder. Average particle size is around 4µm 
with the average surface area at 157m
2
/g, pore volume at 0.3cc/g and pore size at 
5.9nm. 
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3.2 Simulated Body Fluid Preparation 
The SBF solution was produced in accordance with the procedure outlined by 
Kokubo et al. and cross-referenced with BS ISO 23317:2007 
70,71
 Reagents were 
dissolved in sequential order (as per Table 3.1) into 500 mL of purified water 
(Reagecon, Shannon, Ireland) using a magnetic stirrer. The solution was maintained 
at 36.5 ±1.5 ˚C using a water bath. One mole HCl was titrated to adjust the pH of the 
SBF to 7.40. Purified water was then added to adjust the total volume of liquid to one 
litre. Once prepared, the SBF was stored for 24 h (5 ˚C) to ensure that no 
precipitation occurred.  
Table 3.1 Order and amounts of reagents used to prepare 1,000 mL of SBF 
Order Reagent Quantity 
1  NaCl 8.035 g 
2  NaHCO3 0.355 g 
3  KCl 0.225 g 
4  K2HPO4.3H2O 0.231 g 
5  MgCl2.6H2O 0.311 g 
6  1.0 M-HCl 39 mL 
7  CaCl2 0.292 g 
8  Na2SO4 0.072 g 
9  Tris 6.118 g 
10  1.0 M-HCl 0–5 mL 
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The MGPS-PTFE sheet was cut into appropriately sized samples and immersed in a 
calculated quantity of SBF determined as per the guidelines set by Kukobo et al
70
. 
After removal from SBF, each sample was gently rinsed with purified water, placed 
on individually labelled sheets of filter paper and left in desiccators at room 
temperature to dry. After removal from SBF solutions, a Hitachi SU-70 SEM 
(Hitachi High Technologies, America, Inc) was used to obtain secondary electron 
images and to carry out chemical analysis of the surface of the MGPS-PTFE sheet. 
All EDX spectra were collected between 15kV - 20 kV, using a beam current of 0.26 
nA. Quantitative EDX converted the collected spectra into concentration data by 
using standard reference spectra obtained from pure elements under similar operating 
parameters.  
 
A Phillips Xpert MPD Pro 3040/60 X-ray Diffraction (XRD) Unit (Phillips, 
Amsterdam, Netherlands) was used to perform thin film XRD (TF-XRD) on the 
surface of the MGPS-PTFE sheet samples after immersion in SBF to analyze the 
crystallinity of the CaP layer formed. TF-XRD was run between 25 and 45 degrees 
2-theta, using a generator voltage of 40 Volts and a tube current of 40 Amps, a step 
size of 0.017 degrees 2-theta and a step time of 40.72 s. A Varian 610-ATR-FTIR 
spectrometer was used to examine changes to the functional groups of the samples 
after each time period of immersion in SBF. 32 ATR-FTIR scans were averaged 
between 4000 and 500 cm
-1
, with a resolution of 4 cm
-1
.  
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The SBF solutions, after removal of the MGPS-PTFE sheet material, were filtered 
using Watman filter paper (1µm nominal pore size) and acidified (to maintain 
dissolution and prevent any re-precipitation during analysis) by making up 5 ml of 
SBF to 25 ml using 2 vol.% nitric acid. Standards were purchased (Reagecon, 
Shannon, Ireland) and suitably diluted, such that a linear correlation could be made 
within the range of the SBF samples. Inductively Coupled Plasma-Optical Emission 
Spectroscopy (ICP-OES) was run on standards and samples and 2 vol. % nitric acid 
was used to clean out lines between runs.  
3.3 Scanning Electron Microscopy  
A JEOL JSM-840 SEM equipped with a Princeton Gamma Tech EDX system was 
used to obtain secondary electron images of the MGSi sample surface and EDX 
spectra were obtained at 20kV, using a beam current of 0.26nA. Quantitative EDX 
converted the collected spectra into concentration data by using standard reference 
spectra obtained from pure elements under similar operating parameters. For high 
resolution SEM analysis, the MGPS samples were spread onto a silver conducting 
paint on a 15mm aluminium stub and loaded into the Hitachi SU-70 scanning 
electron microscope. The SEM was operated at 3.0kv with a sample working 
distance of 3.6mm.  
3.4 Transmission Electron Microscopy  
TEM specimens were prepared by loading the MGPS particles onto Formvar-backed 
carbon-coated copper grids (Agar Scientific, Stanstead, England). TEM analysis was 
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then performed using a JEOL JEM 2100F Field Emission Electron Microscope 
equipped with an EDX Genesis XM 4 system 60 Energy Dispersive Spectroscopy 
and operated at 200kV. TEM images were recorded with a Gatan Ultrascan 1000 
digital camera for standard TEM imaging modes. The TEM is also equipped with a 
Secondary Electron Imaging (SEI) detector which allows SEM type images to be 
recorded on the TEM. For CBED analysis, crystals were tilted to the [340] zone axis 
and a series of CBED patterns recorded in Scanning Transmission Electron 
Microscopy (STEM) mode with a spot size of 1.5 nm using STEM-based diffraction 
imaging 
114
.   
3.5 Accelerated Surface Area and Porosimetry Analysis 
To obtain the porosity of the MGPS samples a Micromeritics ASAP 2010 system was 
used to measure nitrogen gas adsorbtion/desorbtion isotherms at 77K. The samples 
were degassed by heating under vacuum at 393K for 12 hours. The pore size data 
was analysed by the thermodynamics-based Barrett-Joyner-Halenda (BJH) method 
on the desorption branch of the N2 isotherm 
115,116
  
3.6 Focused Ion Beam Milling & Ultramicrotomy 
MGPS particle sectioning was undertaken using a FEI FIB 200 workstation operating 
at an accelerating voltage of 30 keV. Cross-sections through the particles were 
prepared for TEM by ultramicrotomy. PS particles were first embedded in BEEM™ 
capsules using the low viscosity UltraBed Embedding Kit™ from Electron 
Microscopy Sciences (EMS), USA. The blocks were cured overnight at 60
o
C in an 
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oven and sectioned using a Leica Ultra-cut UCT Ultramicrotome at the Imaging and 
Analysis Center, Princeton University, USA. The thin sections were floated onto 
lacey carbon coated copper mesh grids from EMS, USA for examination with TEM. 
3.7 Time-of-Flight Secondary Ion Mass Spectrometry 
Time of Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) analysis of the MGPS 
samples was performed using the J105 3D Chemical Imager (Ionoptika Ltd UK). A 
layer of each sample was deposited onto a Si substrate from a dense suspension in 
methanol. Images were acquired over a 500 × 500 µm
2
 field of view, with a primary 
ion dose of 1.7 × 10
13 
ions/cm
2
 using a 40 keV C60
+
 primary ion beam. Following 
acquisition principal components analysis (PCA) was performed on the two data sets. 
PCA is a multivariate technique commonly used in SIMS and is a widely used 
dimensionality reduction technique for data analysis and interpretation. PCA 
converts the data into a series of principal components (PCs). Each PC has an 
associated loading which is the contribution of each mass channel to that PC. Each 
pixel/spectrum then has a corresponding score on that loading. Principal components 
are ordered highest to lowest (highest being PC1) in terms of the degree of variance 
within the data captured by that PC. 
3.8 Raman Scattering Spectroscopy 
Raman scattering spectra were acquired from powder dispersions of both the MGSi 
and MGPS particles using a Horiba Jobin Yvon Labram 1A Raman spectrometer. 
Spectra were collected using a 532 nm 100 mW laser source, 1800 line/mm grating 
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and 10× objective, unless noted otherwise. The spectrometer was calibrated against 
the 521cm
-1
 Transverse Optical (TO) phonon frequency of a Si (100) wafer; the 
resolution of the spectrometer is < 2 cm
-1
. Each spectrum presented is the average of 
three accumulations.  
3.9 X-Ray Photoelectron Spectroscopy 
XPS was performed to analyse the surface chemistry of the Si particles using a 
Kratos AXIS 165 spectrometer with monochromatic Al Kα radiation of energy 
1486.6 eV. High resolution spectra were taken at fixed pass energy of 20 eV. Binding 
energies were determined using C 1s peak at 284.8 eV as charge reference. For 
construction and fitting of synthetic peaks of high resolution spectra, a mixed 
Gaussian-Lorenzian function with a Shirley type background subtraction were used.  
3.10 X-Ray Fluorescence and Inductively Coupled Plasma 
Spectroscopy  
The samples were supplied with X-Ray Fluorescence (XRF) Spectroscopy and 
Inductively Coupled P lasma (ICP) Spectroscopy completed by Vesta Sciences as 
shown in Chapter 4. 
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4 Results and Discussion 
4.1 MGSi & MGPS Particle Characterization  
The particle morphology was studied from a series of SEM images, obtained using a 
JEOL JSM-840 SEM and a Hitachi SU-70 SEM. Two-hundred particles were studied 
at several different magnifications for each of the three samples (2E-Bulk, 2E-100 
and 2E-60). The particle size was analysed using SEM due its simplicity in dealing 
with a material of this geometric shape.
117
  
The SEM image in Figure 4.1 a.) shows a representative image of the 2E-Bulk 
sample with the partic le size results given in Table 4.1. The standard deviation per 
sample is relatively high at approximately 30% of the determined particle size due to 
the variability in particle shape in this friable material. A particle size distribution 
was also established per sample as indicated in Figure 4.1 b.)  
Table 4.1 Particle size and distribution determined from SEM analysis  
Sample ID 2E-100 2E-60 2E-Bulk 
SEM Particle size (µm)  4.51 ± 1.29 4.75 ± 1.35 4.80 ± 1.58 
Particle size distribution 
4.2µm - 
4.5µm 4.2µm 4.5µm 
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Figure 4.1 a.) SEM micrograph of the MGSi particles in sample 2E-Bulk and b.) 
the corresponding particle size distribution 
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4.2 MGSi & MGPS Pore Characterization 
4.2.1 SEM & TEM analysis 
The images in Figure 4.2 represent samples 2E-100, 2E-60 and 2E-Bulk and were 
obtained using high resolution SEM. The dispersion of pores on the surface of the PS 
particles in samples 2E-100 and 2E-60 is clearly visible. Sample 2E-100 displays a 
high surface porosity with the surface pores coalescing in some cases. In sample 
2E-60 however, the pore edges are more defined and the pores appear slightly more 
spaced out than in 2E-100. Measurement of the pore opening diameters from the 
SEM images indicated that the 60% etched sample had a pore opening diameter of 
~10.1±2.1nm and the 100% sample had a diameter of 9.8±2.6nm. As indicated in 
Figure 4.2, the solid unetched surface for the sample 2E-Bulk is quite evident in 
comparison to the porous surfaces of samples 2E-100 and 2E-60.  
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Figure 4.2 SEM images of selected particles in samples 2E-100, 2E-60 and 
2E-Bulk. The dashed boxes in the left images indicate the position of the higher 
magnification images shown on the right. 
The particle morphology was further studied from a series of TEM images. Figure 
4.3 a.) and b.) show high resolution SEI images of sample 2E-100. These images 
were acquired in SEI mode, which provides higher resolution imaging of the surface 
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morphology compared to FESEM and thus shows the porous surface area in much 
more detail. On examination of the selected PS particle (sample 2E-100) it is evident 
that the surface of the particle is completely porous in nature and similar porosity 
was observed for sample 2E-60 but with a smaller pore volume per surface area, as 
observed through SEM. Particle and pore size analysis correspond to the SEM data  
observed previously. 
 
Figure 4.3 a.) SEI micrograph of sample 2E-100 oriented in [3 4 0] zone axis b.) 
Corresponding higher magnified image clearly showing porous nature of the 
particle  
4.2.2 Porosimetry & FIB SEM analysis  
The Brunauer, Emmett and Teller (BET) surface area and porosimetry analysis were 
measured by nitrogen gas adsorption in a Micromeritics Gemini V gas adsorption 
analyzer (Vesta Sciences) 
116
. The results were then compared to results obtained 
from a Micromeritics ASAP 2010 system (MSSI, University of Limerick). The pore 
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size distribution and pore volume were estimated using the Barrett-Joyner-Halenda 
(BJH)
 
scheme.
 115
 The results of this analysis are indicated in Table 4.2. The surface 
pore volume for 2E-100 is calculated to be over twice that of 2E-60. Sample 2E-60 
appears to have a larger average pore size than the fully etched 2E-100 sample. This 
is likely due to the fact that the holes in the 60% etched sample are shallower, and 
given that the ASAP technique calculates an average diameter, the pore size appears 
larger. 
 
Table 1.2 Pore geometry analysis obtained from Accelerated Surface Area and 
Porosimetry (ASAP) measurements and Scanning Electron Microscopy (SEM) 
studies of Focussed Ion Beam (FIB) sectioned particles 
Samples 
 
% 
Etched 
BET 
Surface 
Area (m
2
/g) 
Pore 
Volume 
(cm
3
/g) 
Pore Size 
(nm) 
Pore 
Depth 
(nm) 
Sample (2E-100) 100% 103 0.28 8 ~1000  
Sample (2E-60) 60% 34 0.11 9.6 ~600 
Sample (4E-100) 100% 122 0.23
*
 5 N/A 
Sample (4C-100) 100% 67 0.11 5 N/A 
*All results were obtained by Vesta Research & UL. 
 
The calculation of the thickness of the porous layer or average pore depth within the 
PS particles was much more difficult to achieve. Pore size and pore depth are very 
much dependant on the etching conditions and parameters applied to the solid MGSi 
material (sample 2E-Bulk) to achieve a final porous state. To further examine the 
porous layer, both external and internal pore structure and obtain pore depth 
information, the PS particles have been fractured and also explored using a 
combination of FIB, SEM and TEM analysis.  
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Figure 4.4 SEM images of PS particles sectioned using Focussed Ion Beam (FIB) 
milling for samples 2E-100 and 2E-60. The dashed boxes in the left images 
indicate the position of the higher magnification images shown on the right. 
 
FIB milling was performed on twenty isolated PS particles from samples 2E-100 and 
another twenty particles from sample 2E-60. The images in Figure 4.4 show selected 
PS particles from both of these samples. The particles were coated with Pt prior to 
milling which appears as the brighter region observed around the particles. In both 
etched samples the porous region is evident at the outermost region of the PS particle. 
No pore channels or networks appear to exist in the core of the PS particles analysed. 
Careful analysis of each of the particles from both samples suggests that the smaller 
the PS particle is, the more likely it is to be porous all the way through.  
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The 2E-60 PS particles observed show an etched region to a depth of 600nm beneath 
the surface and approximately 1000nm for the 2E-100 sample. In all of the particles  
analysed after FIB sectioning, the pores observed had a circular or slightly elliptical 
shape with no channelling observed indicating the random nature of the pore 
structure beneath the surface. In an attempt to observe the pore network beneath the 
surface of the PS particles, samples were crushed with a mortar and pestle and 
analysed with SEM and are shown in Figure 4.5 for sample 2E-100. The results 
indicate an interconnected pore network which exists beneath the surface of the PS 
particles. In keeping with other observations from this study, the pores observed are 
numerous and randomly oriented. The size of the pore channels range from 7-12nm 
which also corresponds well to the average pore size results achieved in Table 4.2 of 
8nm for 2E-100 and 9.6nm for 2E-60. 
 
 
Figure 4.5 SEM images of fractured particles from sample 2E-100 prepared 
using a mortar and pestle  
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4.2.3 TEM Ultramicrotomy 
Further analysis of the internal PS structure was carried out using TEM analysis of 
ultramicrotomed sections for morphological analysis.
118,119
 BF-TEM analysis was 
carried out on numerous particles from samples 2E-100 and 2E-60, sectioned using 
an ultramicrotome with representative images shown in Figure 4.6. The lighter 
contrasted areas in the images indicate that the material is porous which mainly 
exists in the outer region of the particles as indicated by the white dashed lines. 
Sample 2E-100 shows a greater majority of porous areas throughout the sectioned 
particle. The pore depth was found to be larger on the 2E-100 particles which support 
the previous results from the FIB sectioned particles. 
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Figure 4.6 BF TEM images of Ultramicrotomed a.) 2E-60 and b.) 2E-100 PS 
sample. Dashed line indicates the boundary between the etched and unetched 
region. 
 
4.2.4 TEM Pore Orientation & SEI  
To determine if the pores present in these PS particles are related to crystallographic 
orientation, TEM analysis was undertaken whereby individual particles from the 
etched porous samples were orientated to primary zone axes and SEI images were 
a) 
b) 
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recorded. Figure 4.7 shows SEI images of sample 2E-100 oriented to a.) [100] and b.) 
[111] zone axes and also shows the corresponding images for sample 2E-60.  
 
Figure 4.7 SEI images recorded on TEM for PS samples 2E-100 and 2E-60 
recorded on a.) [100] and b.) [111] zone axes 
 
For sample 2E-100, the images indicate that the pores when viewed along [100] are 
larger than those observed on [111] and have begun to coalesce. However, this 
observation is not found routinely and is not observed on sample 2E-60, indicating 
that crystallographic orientation does not appear to influence pore geometry. Analysis 
of the samples using BF-TEM imaging, shows that in all cases the outer region of the 
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PS particles for samples 2E-100 and 2E-60 are both electron transparent and porous. 
It is evident, that the SEI images are easier to interpret than the BF-TEM images as 
the SEI images give surface information, while the TEM images are given for the 
entire thickness. Therefore, when the pores are not orientated paralle l to the beam or 
in the case of disordered pore networks, the TEM images can be a little confusing.  
4.3 MGSi & MGPS Strain Analysis 
4.3.1 TEM-CBED of Silicon Particles  
TEM-CBED analysis was performed by Vishnu et al.
102
 on the surface of the 
non-porous 2E-Bulk sample to examine the possible strain change within the 
material when compared to the fully porous 2E-100 sample. Secondary Electron 
Imaging (SEI) in combination with high spatially Convergent Beam Electron 
Diffraction (CBED) was performed. Due to the converged beam of illumination, 
High Order Laue Zone (HOLZ) lines are formed inside the CBED patterns (Figure 
4.8) and are very sensitive to any lattice changes. Based on the appearance of HOLZ 
lines, the qualitative nature of the pore structure was determined.  
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Figure 4.8 a.) Convergent Beam Imaging (CBIM) micrograph of [340] oriented 
unetched Si particle exhibiting both real and reciprocal space information b.) 
Corresponding Secondary Electron Image (SEI) of unetched Si particle 
illustrating the surface morphology of the crystal 
 
Along the spectrum image line as indicated in Figure 4.9 a.) for an unetched Si 
particle (2E-Bulk), successive [340] HOLZ lines are collected to identify any local 
lattice distortions. <004> two beam CBED patterns are also recorded along the 
spectrum image line and based on the distance between Kossel – Möllenstedt (KM) 
fringes inside CBED discs, particle thickness has been calculated and shown to vary  
from 358 nm to 393 nm. Figure 4.9 b.) and c.) show two experimental [340] HOLZ 
line patterns obtained from the spectrum image series. Figure 4.9 d.)  and e.) 
highlight the region where the HOLZ lines intersect showing no shift in the HOLZ 
lines intersection point indicating that the lattice spacing remains constant within this 
region. 
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Figure 4.9 a.) SEI image of a 2E-Bulk particle indicating the spectrum image 
line where sequential CBED patterns are collected b.), c.) Two [340] CBED 
patterns taken from spectrum image and HOLZ lines intersection points which 
are very sensitive for lattice changes are highlighted d.), e .) Enlarged region of 
[340] HOLZ lines showing that there is no shift / change in intersection point. 
 
In sample 2E-100, a series of [340] HOLZ line patterns were taken along the 
spectrum image line as seen in Figure 4.10 a.) Figure 4.10 b.) and c.)  show two 
different HOLZ lines patterns that were part of a spectrum imaging series clearly 
displaying a shift in the HOLZ line intersection positions; the shift is shown at h igher 
magnification in Figure 4.10 d.) and e.) As the HOLZ lines are related to the HOLZ 
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reflections with large reciprocal lattice vectors of the crystal lattice, their positions 
are highly sensitive to lattice deformations.
120
 To further understand the HOLZ line 
shift, diffraction contract imaging is performed as discussed in section 4.3.2.  
 
Figure 4.10 a.) High resolution SEI micrograph of sample 2E-100 PS sample 
showing spectrum imaging location of one particular pore b.), c.) Two [340] 
CBED patterns collected from spectrum image showing the shift of HOLZ line 
position d.), e.) Enlarged region of [340] HOLZ lines clearly showing shift in the 
position of intersection point.  
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4.3.2 Diffraction Contrast Imaging of Porous Silicon Nanosponge Particles 
Dark field HRTEM imaging is performed by Vishnu et al.
102 
in a two-beam condition 
to obtain high contrast images of the crystalline phases. Figure 4.11, represents <220> 
dark field images obtained from a.) sample 2E-Bulk and b.) 2E-100. The required 
diffraction contrast was established by tilting the particles from the [011] zone axis 
orientation towards the (220) reflection. In Figure 4.11 a.) due to the non-uniform 
thickness of the Si particle in the electron beam direction, thickness fringes are 
observed. In Figure 4.11 b.), bright spots are observed on the particle surfaces 
indicating that crystalline Si nanoparticles appear on the surface after etching. These 
Si clusters have been etched out of the bulk Si particles and are scattered among the 
porous regions of the PS samples. Hence, from the dark field imaging, it is clear that 
Si nano-crystallites exist on the PS particle surface, so the main cause for the 
previous line-shift observed in the previously is due to the presence of Si 
nano-crystallites on the particle surfaces. 
 
Figure 4.11 a.) Typical <220> dark field images of sample 2E-Bulk Si particle 
and b.) sample 2E-100 PS particle  
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The analysis here corresponds to work by Peng et al. describing the mechanism for 
pore formation showing metal particles at the bottom of the pores of a Si sample 
material after etching and pore formation.
121
 In the case of MGPS, it is therefore 
possible that the metallic impurities which are on the surface in the 2E-Bulk sample 
could be driven into the Si material during pore formation leaving only the removed 
Si dispersed among the surface pores. This is confirmed by the relative abundance in 
variations between elements detected by XRF, ICP and TOF-SIMS post-etching 
described in later sections. Si nano-particles have also been observed previously 
where particles were dispersed among a surface bound oxide layer 
post-electrochemical etching.
122
 
4.4 MGSi & MGPS Compositional Characterisation 
4.4.1 X-Ray Fluorescence and Inductive ly Coupled Plasma Spectroscopy of 
Silicon Particles 
XRF and ICP analysis were carried out on samples 2E-Bulk and 2E-100 to explore 
the concentrations of elements present around the surface and within the Si particles. 
Table 4.3 shows the quantitative concentrations of elements detected. It was found 
that the Fe (0.5%) and Al (0.2%) concentrations are greatest, followed by Ca (0.08%) 
and C (0.06%) in sample 2E-Bulk. These values indicate just how small these levels 
of impurities are dispersed throughout the 2E-Bulk Si particles. These values 
correspond to the patent standard and are also in line with what is observed for 
standard MGSi powder.
32-33
 The levels of Fe, Al, Ca, C and O observed in sample 
 59 
 
2E-100 using XRF analysis are less than those observed in sample 2E-Bulk. This 
corresponds to the proposed mechanism that the MGSi powder contains impurities 
which, upon reaction with the HF based electrolyte, induce porosity at the Si particle 
surface via electroless etching processes. The impurities are then attacked in a 
cathodic-anodic reaction which leaves a porous structure throughout the outermost 
region of the Si particle. These impurities would then be significantly reduced in the 
porous material to smaller amounts dispersed throughout the remaining non-porous 
region of the PS sample.  
As discussed in section 2.3.1 previous reports have shown that the application of 
certain elements onto a Si surface will induce porous layer formation once 
electro-chemically or chemically etched in a HF based solution. Metal-assisted 
etching using thin films of Pt and Ag on Si has shown PS formation 
26-28
 and 
incorporating Fe into HF solutions has also been shown to affect the etching process 
to some degree.
29
 Al has already been shown to induce a porous layer structure 
formation in Si in a study which chemically etched a thin Al film on a Si substrate.
24
 
These results correlate directly to the porous structure formation mechanism 
proposed in this thesis and is further highlighted by the mass loss (% reductions) of 
the impurities pre and post-chemical etching. Fe which is the most abundant element 
is reduced by 84% while Al and Ca are reduced by 81% and 83% respectively. 
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Table 4.3 XRF and ICP concentrations of surface elements for 2E-Bulk and 2E-100  
Elements 
XRF (2E-Bulk) 
%  
ICP (2E-Bulk)  
%  
XRF (2E-100) 
%  
(%  XRF 
Reductions) 
Fe 0.3-0.5 0.31 0.08 73-84 
Al 0.08-0.2 0.18 0.038 53-81 
Ca 0.03-0.08 0.031 0.014 53-83 
C  <0.06 0.0327+0.0010                              0 100 
O  0 0.3722+0.0038  0  0 
*All results were obtained in collaboration with Vesta Sciences 
 
4.4.2 X-Ray Photoelectron Spectroscopy of Silicon Particles  
XPS was utilised to establish the surface layer composition of the PS particles. All 
samples showed the presence of Si, O and C and in the case of chemically etched 
2E-100 and 2E-60 samples notable amounts of F were also identified. Other 
impurities were not observed perhaps due to their very low concentrations (less than 
the detection limit of XPS ~ 0.1 atomic %). Figure 4.12 shows the XPS survey 
spectra of the 2E-Bulk Si sample. The prominent peaks are Si (Si 2p, 2s), C (C 1s) 
and O (O 1s, KLL X-Ray induced Auger transition). These peaks are similar to 
previous XPS analysis of PS.
123
 Feng et al. has shown that 200 µm thick PS 
membranes showed similar peak positions to those observed here for the PS and Si 
particles.
123
  
 
Table 4.4 XPS % concentrations of surface elements for the MGSi & MGPS samples 
% Concentrations 2E-100 2E-60 2E-Bulk 4E-100 4C-100 
Fluorine 2 1.3 0 2.1 1.5 
Carbon 28.6 24.5 8.7 34 28.3 
Silicon 60.2 65.6 61.1 53.4 57.3 
Oxygen 9.2 8.6 30.2 10.5 12.8 
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Quantification of elements from XPS analysis is given in Table 4.4 with relative 
percentage concentrations of F at 2%, C at 28.6%, Si at 60.2%, and O at 9.2% for 
2E-100. Similar results were obtained for 2E-60. The respective peaks for the 
2E-Bulk sample indicated percentage concentrations of C at 8.7%, Si at 61.1%, and 
O at 30.2%. The presence of F in the PS samples can be attributed to the etching 
process.  
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Figure 4.12 a.) XPS analysis of sample 2E-Bulk; b.) and c.) High resolution Si 2p 
spectra of 2E-Bulk and 2E-60 respectively 
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A high resolution Si 2p spectrum from the 2E-Bulk sample is shown in Figure 4.12 b.) 
and can be fitted with three sets of doublets. The majority of Si is present as 
elemental Si with Si 2p3/2 at a binding energy of 98.8 eV. The peaks at higher binding 
energy of 101.1 eV and 102.8 eV can be attributed to silicon oxide SiOx (x < 2) and 
SiO2 respectively. 
124-125
 The presence of the related O 1s at 532.3 eV confirms that 
the more abundant of the oxides, SiO2, is largely stoichiometric. However, Si 2p 
spectra of sample 2E-60 (Figure 4.12 c.) are dominated by low binding energy peaks 
corresponding to elemental Si with a relatively minor contribution from higher 
binding energy components at 103.6 eV which may be attributed to SiO2 or a 
residual SiFx complex from the etching process, which proceeds according to a series 
of galvanic displacement reactions according to: 
 
M
+
 + e
-
 → M0 (where M is the metal impurity)       
Si + 2H2O → SiO2 + 4H
+
 + 4e
-
  
SiO2 + 2HF2
-
 + 2HF → SiF6 
2-
 + 2H2O  
 
The higher content of O on the surface of sample 2E-Bulk (30.2 atomic %) is 
significantly reduced in the PS samples indicating it was removed through the 
applied chemical etching process and HF reaction at the Si surface. Increased carbon 
content on the surface of the etched PS is due to the environment in which XPS 
analysis is conducted (see Table 4.4). 
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4.4.3 Time of Flight Secondary Ion Mass Spectroscopy of Silicon Particles  
Further analysis of the Si particle composition was carried out using TOF-SIMS 
analysis performed by O’ Dwyer, Moore & Fletcher et al.102 This analysis was 
carried out to aid in confirming the proposed mechanism for the porous structure 
formation in these PS samples. Sample 2E-Bulk showed the standard elements 
associated with the MGSi powder. The total ion images of both the bulk and etched 
samples can be seen in Figure 4.13.  Images were acquired over a 500 × 500 µm
2
 
field of view, with a primary ion dose of 1.7 × 10
13 
ions/cm
2
 using a 40 keV C60
+
 
primary ion beam. 
 
Figure 4.13 Total ion images (500 × 500 µm
2
) of a.) 2E-Bulk sample b.) 2E-100 
particles.  
 
The scores and loadings for the Principal Component (PC) 2 of the 2E-Bulk 
un-etched particles can be seen in the spatial score maps in Figure 4.14. The scores 
image (Figure 4.14a) highlights where red indicates a negative score and green 
indicates a positive score. In comparison to the total ion image (Figure 4.13) it is 
(a) (b) 
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apparent that the highlighted regions with this chemistry i.e. green regions are 
cluster/groups of the Si particles. From the corresponding loadings (Figure 4.14 b.) it 
is evident that the Al
+
, Ca
+
 and Fe
+
 are correlated to these Si cluster groups, 
confirming the elemental composition analysis from XRF and ICP analysis in Table 
4.3. Some salts (Na
+
, K
+
) are also correlated in this PC. 
 
The etched samples (2E-100) can be considered in a similar manner. The scoring 
map indicates a reduced abundance of the Al
+
, Ca
+
 and Fe
+
 species, captured in the 
PC3 loading in Figure 4.14 d.) These analyses have demonstrated the presence of 
these metals on the Si particles before and after etching and are thus not released into 
the etching solution after chemical reduction during the etching process. Remnant 
Na
+
, K
+
 were easily dissolved and removed from the particles in the aqueous 
HF-based etching solution. However, changes in the valence or quantitative relative 
abundances cannot be deciphered from this analysis, particularly since the presence 
of reduced metal species after galvanic displacement reactions are lodged within the 
nanoporous structure of the Si nanosponge particles. 
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Figure 4.14 (a, b) Scores image and the corresponding TOF-SIMS loading 
spectrum from PC2 of the 2E-Bulk Si particles and (c, d) from PC3 of the 
etched 2E-100 Si particles. 
 
4.4.4 Raman Scattering Spectroscopy of Silicon Particles 
Raman Spectroscopy is a powerful technique that can be employed in structural and 
dynamic studies of PS.
123, 126
 A typical Raman Spectrum for crystalline Si usually 
consists of a symmetric first order transverse optical phonon centred at ~521cm
-1
.
 123, 
127,128
 As the grain size in micro-crystalline Si decreases, the Raman shift and peak 
width increases and the line-shape becomes asymmetric (which also occurs with 
doping changes, which is invariant in this case) with an extended tail at lower 
frequencies for quantum confinement or small size effects. In amorphous Si the 
Raman peak is broad and usually weak at 480 cm
-1
.
127-128
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Here, micro-Raman scattering spectroscopy was conducted on samples 2E-100, 
2E-60 and 2E-Bulk (Figure 4.15 a.) to examine the development and influence of 
porosity on the overall structure, specifically the presence and associated influence of 
nano-sized crystallites of Si.  
The main Si peak in the 2E-Bulk sample occurs at 517cm
-1
, compared to 521cm
-1
 
measured for bulk Si (100) and the TO phonon mode is sharp and symmetric 
compared to highly doped Si(100), which displays a blue asymmetry indicative of 
highly p-type Si. The TO modes for both 2E-60 and 2E-100 occur at 516cm
-1 
and 
510cm
-1 
(Figure 4.15 b.),
 
has an asymmetric line shape with asymmetry appearing on 
the lower (red) energy side indicative of phonon confinement due to reduced sizes, as 
the doping density remains invariant for the same particles and no excess heating has 
been applied externally or through Jourle heating by the incident Raman probe beam. 
Generally for PS it is considered that the broadening and a downshift of the TO mode 
towards lower energies indicates the presence of nanoscale features of the crystalline 
structures and is distinct for high porosity layers of PS.
129
 A slight lower energy 
downshift of the peaks was observed in 2E-100 compared to the 2E-Bulk sample.  
These quantum confined features come from the smallest pore wall structures but 
particularly from the high density of small <5 nm crystallites seen by STEM, as 
outlined in Section 4.3.2. These core Si values do not correlate directly with Si or PS 
substrates with typical Raman peaks around 521cm
-1
 but are more closely linked to 
the PS membranes studied by Feng et al.
123
 In that work, Raman spectra of PS 
membranes removed from anodically oxidised p-type <100> Si substrates, showed 
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dominant Raman shifts between 502 and 512 cm
-1
.
 123
 The bands located near 300 
cm
-1 
correspond to an acoustic phonon (2TA). These values correlate directly to what 
is observed for sample 2E-100 in Figure 4.15. The features between 900-1000 cm
-1
 
indicate second order optical modes 
123
, as seen in both samples 2E-100 and 2E-60.  
 
It has also been shown that surface strain or stress in PS can also contribute to a 
downshift in the Raman peak as is observed from 2E-Bulk to 2E-100 in Figure 4.15 
b.). The positions of the characteristic Raman peaks of a material correspond to the 
vibrational energy of the phonon modes. However, if the crystal lattice deforms, the 
position of the mode may shift to the left or to the right, due to an energy variation in 
the vibration of the lattice. Lang et al. reports that the lattice constant of PS is 
somewhat strained and a stress value corresponding to such a lattice strain is known 
to shift the Raman peak to lower energies 
130
 known as phonon softening. The 
incorporation of a surface oxide may relax the surface strain to some degree in PS
 130
. 
The Authors discuss a linear relationship between uniaxial or biaxial stress and the 
shift of the TO mode of the sample. The reduction in total free energy within the 
particle, is such that the porous particle is rendered more brittle compared to the bulk 
particle and can be calculated from the empirical formula 
131
 ε = σst·Δω, where ω 
represents the peak positions in cm
-1 for strained and bulk Si, and Δω represents 
(ωbulk - ωpore), σst = 0.123 is the inverse strain-phonon coefficient in cm, and ε is the % 
strain.  
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The quantum confinement caused by crystallites of Si and also the smallest of porous 
wall features by monitoring the asymmetry and frequency shift or the TO phonon 
mode is shown in Figure 4.15b. For both 2E-Bulk and 2E-100 samples, the Raman 
shift from respective TO modes correlates to a % free energy reduction of 47% for 
2E-Bulk particles compared to a Si (100) crystal, and a further 18% reduction (65% 
compared to Si (100)) upon partial porosification for 2E-60 samples, but a very large 
136% reduction in free energy for fully etched 2E-100 particles compared to Si (100). 
In this process, every stress relieving interface will most likely contain metallic ions 
amenable to electroless etching and thus all galvanic displacement reactions on the 
surface will lead to a significant reduction in internal particle free energy. 
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Figure 4.15 (a) Micro-Raman Spectrum of PS samples 2E-100, 2E-60 and 
2E-Bulk Si (b) TO phonon modes for PS samples 2E-100, 2E-60 and 2E-Bulk Si 
 
The crystallite size L of the porous Si quantum sponge particles can be estimated 
from the Raman shift according to: 
Δω = 52.3 (0.543/L) α 
Where Δω is the Raman shift between that from a Si wafer (521 cm-1) and the TO 
phonon frequency from each of the TO phonon peaks from the Si sponge particles. 
(a)
(b)
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The power law dependence determined empirically is α = 1.59. The crystallite sizes 
for 2E-60 and 2E-100 (with respect to a Si wafer) are estimated to be 1.93 and 1.16 
nm respectively. These values correspond to the electron microscopy observations in 
the previous sections. 
4.5 MGPS Bioactivity Characterisation 
Simulated Body Fluid (SBF) experiments were performed to explore the potential 
bioactivity of the MGPS particles and the MGPS-PTFE sheet in vitro. 
4.5.1 Particle Morphology and Composition before immersion in SBF 
The particle morphology was studied prior to SBF immersion from a series of SEM 
images, obtained using the JEOL JSM-840 SEM and a Hitachi SU-70 SEM. Particles 
were studied at several different magnifications for each sample. The SEM images in 
Figure 4.17 represent the PS samples. Sample 4C-100 clearly shows the larger 
average particle size of about 20 microns compared to an average value of 4-6 
microns for the remaining samples. XPS was utilised to establish the surface layer 
composition of the PS particles prior to SBF immersion and the results are 
summarised in Table 4.4.  
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Figure 4.16 SEM images of the MGPS samples a.) 2E-100, b.) 2E-60, c.) 4E-100, 
d.) 4C-100, before immersion into SBF. 
 
4.5.2 Particle Morphology and Composition after immersion in SBF 
It is an accepted philosophy that materials capable of producing an apatite layer on 
their surface in SBF may bond directly to bone upon implantation in living bone.
132 
The MGPS samples were examined after immersion for 30 days in SBF. Bone 
bonding materials will usually form apatite on their surfaces within four weeks.
70
 
Thus, a 30 day time period was chosen as the optimal time period to allow for the 
development of a thick dense layer of apatite on the MGPS samples.  X-ray 
diffraction studies were not possible in this case due to the sample size available after 
the SBF trial. TEM nano-beam diffraction was therefore used. In sample 2E-100 (see 
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Figure 4.17, it would appear that some of the Si particles have agglomerated and 
subsequently an apatite layer coated their surfaces. The development of an apatite 
layer is again, apparent in sample 4E-100 after 30 days where an apatite layer has 
formed covering the majority of the Si particles. The apatite layer is comprised 
mainly of ball shaped structures which in previous SBF studies have been referred to 
as apatite granules or spherulites.
133
 Results were somewhat similar in sample 
4C-100. Comparison can be made here to similar results found by Canham in 1995 
where a microporous Si layer on bulk Si immersed in SBF was analysed and found to 
form apatite spherulites within a four week period.
 40
  
 
 
Figure. 4.17 SEM images of the MGPS samples a.) 2E-100, b.) 2E-60, c.) 4E-100, 
d.) 4C-100, after immersion into SBF 
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It can also be noted that the apatite spherulites in sample 4C-100 are considerably 
larger (up to 10 microns) in size compared to the HA observed in sample 4E-100. 
This is attributed to the much larger average particle size of sample 4C-100 of 20 
microns compared to 4-6 microns for sample 4E-100. Sample 2E-60 showed no 
evidence of apatite growth after 30 days in SBF. Previous work by Canham has 
indicated that bulk Si is considered bioinert.
40
 Sample 2E-60 in this study was 
partially etched and therefore had a lower pore volume and the lowest surface area of 
all the Si samples indicating that the pore depth was shallower than the other samples 
analysed here. It is likely that this reduced porosity level inhibited the growth of an 
apatite layer when compared with the other samples studied. Apatite development & 
proliferation is generally better achieved on rough or porous material surfaces. 
 
High surface area porosity of MGPS has previously been deemed an essential factor 
necessary for establishing HA layers and subsequent bioactivity with pore size and 
pore volume directly related to the rate of apatite nucleation on materials.
49
 The 
elemental concentration of surface O is slightly lower in sample 2E-60 compared to 
the other samples which may have also influenced its behaviour in SBF. 
134
 Previous 
studies, where non-oxidized and oxidised PS samples were immersed into SBF 
proved that PS samples with greater surface levels of oxidation have more regular 
precipitation of HA than non-oxidized samples.
134
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The EDX analysis of the surface layers indicated the presence of calcium and 
phosphorous - the principle components of HA. The EDX point spectrum obtained 
for Figure. 4.18 is highlighted in Table 4.5 showing the Ca/P ratios for the selected 
points. Quantitative EDX (SEM) analysis suggests that the Ca/P ratios for the 
observed calcium phosphate layers are quite similar to that of bone apatite (Ca: P of 
1.67).
134,135
 The area also showed regions of needle shaped crystals attributed to HA 
(see Figure. 4.19). With the exception of sample 2E-60, all samples had Ca/P ratios 
similar to that of bone apatite (see Table 4.6) and needle shaped crystals attributed to 
HA were also observed. 
 
Table 4.5 EDX normal wt % point spectrum for sample 2E-100  
Spectrum Si P Ca Total Ca/P 
Ratio 
Spectrum 
1 
3.66 34.66 61.67 100 1.77 
Spectrum 
2 
5.79 35.71 58.5 100 1.63 
Spectrum 
3 
0.83 37.14 62.03 100 1.67 
 
Table 4.6 EDX point spectrum for all samples  
Normal 
wt% 2E-100 2E-60 4E-100 4C-100 
Ca 62.03 0.0 62.03 62.40 
P 37.14 0.0 37.7 37.58 
Ca/P 1.67 N/A 1.65 1.67 
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Figure. 4.18 SEM image of the MGPS sample 2E-100 after immersion into SBF 
 
TEM analysis indicated the presence of MGPS particles covered by a dense surface 
layer of large particle-like aggregates of needle shaped crystals, typified by the image 
in Figure. 4.19 a.) Nano-beam diffraction analysis indicated a crystalline structure as 
shown by Figure 4.19 b.). The crystal structure has been matched to HA in the JPDS 
database (reference number 01-1008). The simulated diffraction pattern is indicated 
in Figure 4.19b. The results shown were found to be representative of the sample as a 
whole, after a number of different areas were studied. The compositional elements of 
the surface layer, as identified by EDX indicate the presence of Ca, P and Si within 
the crystalline structure (see Figure.4.19c.). The lower region on the left of the image 
in Figure 4.19a.) shows the PS area covered by the dense crystalline apatite layer. 
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The line across this selected area represents the TEM Line EDX spectra in Figure. 
4.19c. The high Si peak shows the initial PS region which is then covered by the 
apatite layer and represented by high Ca and P peaks. 
 
Figure. 4.19 a.) Bright Field TEM micrograph of surface apatite layer of sample 
2E-100 after 30 day immersion in SBF b.) Nano-Beam diffraction pattern from 
(a) showing crystalline structure c.) Inset on the top left shows the Line -EDX 
analysis starting from left to right as indicated by the line at the bottom of the 
image (The PS region is on the left of the line while the needle-like apatite 
structure is on right) 
Area for Line 
EDX analysis 
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To further examine the reaction conditions of the MGPS particles in SBF and explore 
the apatite formation over a range of time periods (1, 7, 14 and 30 days) another trial 
was conducted using sample 2E-100 and 2E-Bulk (control sample). The SEM images 
in Figure 4.20 show a selected PS particle from the MGPS powder sample 2E-100 
with the surface porous microstructure displayed at higher magnification in the 
corresponding right image. Figure. 4.20 b.) shows PS particle agglomeration and 
apatite-spherulite formation on the surface of the particles. The image on the right in 
Figure. 4.20 b.) shows the needle-like structure of the apatite-spherulites at higher 
magnification. These apatite spherulites are similar to those observed previously and 
by Canham in previous studies on porous Si 
40
. The needle-like morphology is 
indicative of HA and SEM-EDS analysis of the spherulites showed Ca/P ratios of 
1.67 which corresponds to stoichiometric HA. As a control sample the non-porous 
2E-Bulk material was placed into SBF for a period of 30 days, showing some particle 
agglomeration but no apatite formation on the sample once removed from SBF. The 
porous nature of the material and unique surface morphology appears to contribute to 
the apatite layer formation as was observed previously.  
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Figure 4.20 SEM of the MGPS particles a.) before and after b.) immersion in 
SBF for 14 days 
4.5.3 SEM of MGPS-PTFE Sheet 
While, the previous study of the MGPS particles in SBF prove out the bioactivity of 
the particles themselves in vitro, a further study is performed to investigate the 
bioactivity of an MGPS-PTFE sheet which could be further developed as a 
biomaterial or GBR device. As discussed in section 2.7, PTFE has shown to improve 
bone healing in numerous animal models and GBR-PTFE membranes have 
prevented wear particle induced osteolysis in orthopaedic implants by acting as a seal 
at the bone-cement interface. There are still many GBR devices that do not have the 
potential to deliver high payloads of pharmacological or biological agents, which 
will be required for the next generation of tissue engineered and therapeutic 
biomaterials. Therefore this sheet material consisting of MGPS particles in a PTFE 
a) 
b) 
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matrix warrants further investigation. As can be observed from Figure. 4.22, the 
MGPS particles are visible within the PTFE matrix. Locations of a single MGPS 
particle and smaller MGPS particles at the material surface are highlighted in Figure 
4.22. a.) on the right image. SEM-EDX analysis revealed only the presence of Si and 
O (Figure. 4.21) which are due to Si from the particles and O from the surface oxide 
on the particles. However, after immersion in SBF, the MGPS-PTFE sheet exhibits 
precipitation of a needle-like morphology on its surface after 14 days. EDX analysis 
reveals that this precipitate consists of Ca, P and Si, with small amounts of sodium 
(Na) and magnesium (Mg) incorporation (Figure. 4.21). From the SEM analysis it 
was evident that the MGPS-PTFE membrane could induce the rapid formation of 
bone-like apatite on its surface in SBF. This trial was conducted for a period of 1, 7, 
14 and 30 days. After 1 day in SBF a CaP layer began to develop on the surface of 
the sheet material. After 7 days the development of apatite spherulites with an apatite 
layer was more significant. Further growth continued up until 14 days when the 
entire surface of the material was completely covered in a CaP layer. At 30 days the 
spherulites ranged from 0.5-10µm in size.  
 
Figure 4.21 EDX analysis of MGPS-PTFE membrane before a.) and after b.) 
immersion in SBF 
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Figure 4.22 SEM of the MGPS-PTFE membrane before (a) and after (b) 
immersion in SBF for 14 days. Image A on the right has locations marked 
showing 1-a single PS particle and 2-smaller PS particles at the material surface 
 
Apatite spherulites fully formed on the MGPS-PTFE had Ca/P ratios consistent with 
HA (1.67). What is evident here is that the microstructural and elemental analysis 
show HA development after only 14 days in SBF outlining the ability of the 
MGPS-PTFE sheet to induce rapid formation of HA on its surface in SBF within a 
very short timeframe. This result is favourable for any potential biomaterial or 
medical implant as the quicker the response for bone growth and tissue generation 
the faster the recovery time of the patient.  
a) 
b) 
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4.5.4 TF-XRD of the MGPS-PTFE sheet 
TF-XRD of the MGPS-PTFE sheet, after immersion in SBF (Figure 4.23), reveals 
that the surface precipitate is crystalline HA. It can be observed that after only 1 day 
of immersion in SBF there is evidence of a small HA peak at approximately 26° 
2-theta. This 100% HA peak continues to grow between 1 and 14 days of immersion, 
relative to the background Si peak, present at approximately 28.5° 2-theta.  
 
Figure 4.23 TF-XRD of the MGPS-PTFE sheet at different immersion times in 
SBF 
 
4.5.5 ICP-OES of SBF at different periods  
ICP-OES analysis of the remaining SBF solutions after immersion studies indicated a 
linear reduction in Ca and P content with immersion time (Figure 4.24), as might be 
expected with the surface precipitation of HA on the MGPS-PTFE sheet. Potassium, 
sodium and magnesium remain relatively stable between 1 and 14 days. However, Si 
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content in the solution was observed to increase after 1 day of immersion and 
linearly decrease thereafter. This would indicate that initial degradation of the MGPS 
particles occur, followed by a Si uptake by the precipitating HA. This indicates that 
the initial HA precipitation observed (after 1 day) may be either Si free or have a low 
Si content, followed thereafter (7 & 14 days) by precipitation of a Si-rich HA phase. 
This initial Si release into solution, as well as the subsequent uptake in the HA 
structure will likely be beneficial from a therapeutic perspective. These results may 
indicate that if incorporating pharmacological or biological components into this 
material by tethering to the Si surface that a high initial release is likely. Inclusion of 
the agent within the porous structure by capping may be more beneficial.  
 
Figure 4.24 ICP-OES of SBF after different periods of sheet immersion 
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4.5.6 ATR-FTIR of the MGPS-PTFE sheet 
ATR-FTIR spectroscopy results show typical transmission peaks for the PTFE 
material (control sample) and no variation was observed after immersion in SBF for 
30 days. The MGPS-PTFE sheet exhibits peaks relating to Si, the most notable being 
at c.1022 cm
-1
, as can be observed in Figure 4.25 after 1 day of immersion in SBF. A 
shoulder can also be observed on this peak, which may be due to overlap with the 
PTFE binding material. 7, 14 and 30 day samples exhibit a reduction, or masking, of 
these peaks, which may be due to the growth of a surface precipitate. Any phosphate 
stretching would likely be masked by the presence of the broad Si peak at 1022 cm
-1
, 
which would occur in the same spectral region. 
 
Figure 4.25 ATR-FTIR analysis of the MGPS-PTFE sheet after different time 
periods of immersion in SBF. (Only the 14 day result is shown as it overlaps 
with both the 7 and 30 day analyses). 
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4.6 Results & Discussion Summary 
4.6.1 Structural Characterisation – Pore Geometry 
From the electron microscopy analysis it is observed that once a pore forms at the 
surface and pore propagation is achieved through chemical etching, then the pore 
branches into several different directions. The analysis presented here corresponds 
with previous evidence that the surface pore orientation is random in nature and that 
crystallographic orientation does not influence pore geometry. Electron microscopy 
indicates the type of pores observed at the particle surface corresponds with the 
‘interconnected or branched’ pores as schematically drawn in Figure 4.26 c.) after 
Canham.
17
 From observation of numerous SEM & TEM images, it is observed that 
the majority of the pores become interconnected or branched after the pore forms at 
the surface. This pore interconnectivity occurs around the surface bound porous layer 
of the material as previously observed in section’s 4.3 and 4.4.  
Measuring the depth of etching for this material is not an exact science, as in both the 
FIB and ultramicrotomed sections, it is difficult to know how far the area analysed 
was from the surface as it is only possible to analyse cross-sections. However, 
combined FIB and ultramicrotomy techniques with SEM and TEM analysis show 
porosity at the outermost regions of PS particles with a solid core. In the case of 
sample 2E-100 this interconnected porous layer was found to be about 1000nm deep, 
thus allowing interconnected porosity to that depth. This phenomenon is also 
observed for sample 2E-60 but to a lesser depth of about 600nm and with less surface 
pore coalescence. 
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In a TEM tilt series undertaken for this study (Appendix C) and further SEM analysis 
of PS particles, it is observed that smaller PS particles of up to 1μm in size can be 
porous throughout yet the larger particles contain a porous outer shell and a solid 
core. This corresponds to the relative etching conditions applied to this material 
given the position and presence of the impurities necessary to cause pore 
formation.
32-34
  
 
Figure 4.26 Schematic indicating the types of pores that form as outlined 
originally by Canham
17
. Types of pores: (a, b.) blind, dead-end or 'saccate', c.) 
interconnected or branched, d.) totally isolated or 'closed', e.) 'through' pores 
 
4.6.2 Structural Characterisation – Pore Volume and Surface area 
The ASAP results show smaller pore diameters than the electron microscopy studies 
due to the presence of an oxide around the pores which is not observed in the 
electron microscope. Also, in gas adsorption, the results are obtained from averaging 
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over a large range of pore sizes, whereas in the SEM they are calculated from surface 
pores only, which are likely to be larger. To compare the porisometry and electron 
microscopy measurements some theoretical calculations have been undertaken. The 
measurements of the pore size (pore opening diameter) were taken from 450 surface 
pores in both samples using numerous SEM images and image analysis software, the 
results of which are shown in Table 4.7. 
 
Table 4.7 Estimated pore geometry using SEM measurements and theoretical 
calculations 
 
Samples 
Particle 
Size
a
 
(µm) 
Core 
Size
b
 
(µm) 
Pore 
Surface
c
 
Area (m
2
/g) 
Pore 
Volume
c
 
(cm
3
/g) 
Pore 
Volume
c
 
% 
Pore 
Size
d
 
(nm) 
2E-100 4.51 2.5 152 0.3 50.0 9.8±2.6 
2E-60 4.75 3.6 54 0.11 35.0 10.1±2.1 
a
 – From SEM analysis (Figure. 4.1) 
b
 – From SEM analysis of FIB sections and TEM analysis of ultramicrotomed 
sections (Figure. 4.4 and Figure. 4.6) 
c
 – Theoretically calculated from experimental results 
d
 – Pore opening diameter measured from SEM micrographs (Figure. 4.2) 
  
For the fully etched sample 2E-100 the average particle size was found to be 4.51μm. 
For a simple theoretical calculation, the assumption is made that the powder consists 
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of 4.51μm diameter spherical particles (Table 4.7), containing a 2.5μm diameter core 
with a material density of 2.33 g/cm
3
 for silicon.  Further making the assumption 
that the porous region consists of about 50% by volume ratio of porous to solid 
material, then a theoretical pore volume of 0.30cm
3
/g is calculated. This compares 
well with the ASAP value of 0.28 cm
3
/g in Table 4.2. 
 
Repeating this calculation for the 60% etched sample 2E-60 and assuming a 35% by 
volume porous surface shell to a depth of 600nm, a theoretical pore volume of 0.11 
cm
3
/g is estimated, comparing well to ASAP of 0.11 cm
3
/g (Table 4.2). 
 
Continuing with these calculations for an estimate of the surface area per unit weight, 
and assuming a pore opening diameter of 9.8nm for the 2E-100 (as determined 
through SEM measurements – Table 4.5), with a pore depth of 1µm (Sections 4.3 and 
4.4) and an average pore diameter of 8nm (from ASAP), a theoretical surface area of 
152 m
2
/g is calculated. While this is higher than the 103 m
2
/g calculated 
experimentally with ASAP, adjusting the pore opening diameter to 12.4nm by taking 
into account the standard deviation from the SEM pore opening diameter 
measurements, a surface area of 102.5 m
2
/g is calculated which is a close match to 
the ASAP results.  
 
Similar calculations for 2E-60 (pore opening = 10.1nm; depth = 600nm; average pore 
diameter = 9.6nm) gives a surface area of 54 m
2
/g comparing well to 34 m
2
/g from 
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ASAP. As for 2E-100, adding the standard deviation from the SEM pore size 
measurements to give an average pore opening diameter of 12.2nm results in a 
calculation of 37.4m
2
/g. This theoretical calculation assumes that the pores are “blind” 
or “through” pores as described in Figure. 4.16 a, b.) and 4.16 e.), while in fact they 
are interconnected and branched. In conclusion, it is possible to estimate that 
percentage porosity of the porous region is approximately 50% of the volume for the 
fully etched 2E-100 sample, while it is approximately 35% for the 2E-60 sample. 
Analysis of the SEM images described in section 4.2 and shown in Figure 4.2 
confirm these estimates. 
4.6.3 Compositional Characterisation – Pore Formation  
Understanding the pore formation mechanisms in Si is essential for successful 
tailoring of the material for final applications. Hence there has been an abundance of 
work completed on different Si materials using different etching methods. 
65,136-137
 
XRF and ICP analysis confirmed the presence of Fe, Al, Ca, C and O dispersed 
throughout the MGSi particles. These metal ions which are considered mostly 
surface bound within the Si particles react with the HF based chemical etchant 
applied, which in the case of this study is HF, HNO3 and water (H2O). Nitric Oxide 
(NO) is produced on the surface of the Si which serves as the hole injector. 
17
 The 
rate of dissolution depends on the number of injected holes per atom, which in the 
present case is greatest for Al
3+
 compared to Fe
2+
 or Ca
+
. Beck and Gerischer proved 
that the reaction rate is proportional to the surface concentration of holes.
139
 Due to 
the different reactivity’s of surface electrons and holes, the doping type of the crystal 
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leads to very different reactivity’s for n-type and p-type doping; in the case of 
intrinsically doped MGSi particles here, the role of the hole injector ions is 
paramount.  
 
The presence of a hole in the valence band reduces the strength of bonds in the 
vicinity and makes the substrate atoms more susceptible to attack by nucleophiles. 
Similarly, the presence of a conduction band electron weakens bonds in its vicinity 
and makes those substrate atoms susceptible to electrophilic attack. Additionally, the 
likelihood for these galvanic displacement reactions also depends on having a small 
electronegativity difference between the metal ion and the silicon and coupled with 
the relative abundance of the respective ions, leads to variable etching rates. All three 
will participate and their spatial density on the particle (highest on the surfaces which 
were originally the grain boundaries in the pre-milled MGSi) results in a complicated 
process where the result is a Si ‘sponge’. 
 
It is noted that the Si ‘sponge’ still contains some levels of impurit ies which are 
greatly reduced as determined using XRF and ICP. The TOF-SIMS spectra correlate 
well with the XRF and ICP analyses when the galvanic displacement reactions are 
considered. Each of the metal ions is reduced by extracting a number of electrons 
from the Si equivalent to the valence of the ion; the rate of electroless etching is 
greatest for Al and thus the relative abundance is minimum post-etching as the 
metallic Al
0
 is contained furthest into the sponge structure (assuming some of each 
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element is lost through equivalent mass transport into the aqueous etching solution).  
This etching process also has a resultant effect in that Si remnants are removed 
during the etching process and are then dispersed among the surface pores as 
nano-crystallites. This is observed through TEM-CBED and Diffraction contrast 
imaging of the PS particles and confirms the relative abundance in variations 
between elements detected by XRF, ICP and TOF-SIMS post-etching. Raman 
Spectroscopy confirmed these Si nano-crystallites result in a lower energy downshift 
of the peaks as observed in 2E-100 compared to 2E-Bulk Si and the calculated 
crystallite size conforms to what is observed through Diffraction contrast imaging. 
The Raman data points to a reduction in free energy within the samples after etching, 
which may indicate strain relaxation within individual particles as a result of the 
reduction of impurity levels. 
 
4.6.4 Bioactivity Characterisation - MGPS & MGPS-PTFE Sheet 
In Vitro SBF experiments are currently the most convenient and accurate method to 
test for the possible bioactivity and the bone bonding ability of a material.
70,
 
140
 It is 
not always as accurate as animal trial experiments and great care must be taken to 
prepare the SBF solution and conduct a precise in vitro experiment.
81
 However, short 
of conducting costly animal trial experiments SBF is currently the most accurate 
pre-animal trial test available. It allows us to reduce the number of samples tested in 
live animals, reducing both cost and morbidity. While there is growing interest in 
developing biomaterials which have more chemically reactive surfaces and elicit a 
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desired physiological response 
141
, a requirement for tissue-bonding materials is that 
they can induce precipitation of a non-stoichiometric form of HA on their surfaces in 
vivo. In vitro bioactivity testing can also be used to assess the ability of various 
materials to produce this mineral phase of bone and has been shown to directly 
correlate to results in vivo 
141
 Therefore, the principal finding is that the MGPS 
particles used in this study are capable of forming a CaP layer at their surface which 
implies that a direct bond with bone tissue would be possible in vivo.  
 
The MGPS-PTFE sheet material in this study has the potential to be used as a drug 
delivery vehicle given its tunable surface porosity and surface pore characteristics 
and could be further tailored to accommodate specific drug molecules or growth 
factors which could enhance or promote wound healing and blood vessel and tissue 
regeneration upon implantation.
100
 It has already shown the ability to rapidly develop 
HA formation in vitro making it both bioactive and correlating to the potential bone 
bonding ability in vivo. 
 
This bioactive material could also pave the way for an improved type of GBR device 
which might not only induce a more rapid form of HA development and induce rapid 
bone bonding at the implant interface but could also deploy specific growth factors 
or drugs to stimulate further bone healing and repair.  
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5 Conclusions 
This section answers the key research questions raised at the end of Chapter 1.  
5.1 Fundamental Research Questions & Answers 
 
1. What is the mechanism for pore formation in Metallurgical Grade Porous 
Silicon? 
 Galvanic displacement reactions (cathodic-anodic) occur between the 
metallic impurities and the Si interface in the outermost surface of the MGSi 
particles once the etching process is initiated by the application of the HF 
based solution. Nitric Oxide (NO) is produced on the surface of the Si which 
serves as the hole injector. The rate of dissolution depends on the number of 
injected holes per atom, which in the present case is greatest for Al
3+
 
compared to Fe
2+
 or Ca
+
. Each of the metal ions is reduced by extracting a 
number of electrons from the Si equivalent to the valence of the ion; the rate 
of electroless etching is greatest for Al and thus the relative abundance is 
minimum post-etching as the metallic Al
0
 is contained furthest into the 
sponge structure (assuming some of each element is lost through equivalent 
mass transport into the aqueous etching solution). A further detailed 
explanation is outlined in the summary section 4.6.3. 
 
2. Is the pore structure that forms during chemical etching related to the 
crystallographic orientation of the Si particles used?  
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 The resultant pore structure is not related to the crystallographic orientation 
of the Si particles used. The porous material remains crystalline with a lattice 
constant that corresponds to pure Si as determined by X-ray diffraction and 
electron diffraction analysis. 
 
3. Is the pore structure ordered or disordered?  
 The porous structure was found to be disordered with an interconnected or 
branched porous structure. This is due to the random dispersion of metallic 
ions (impurities) throughout the surface of a Si particle and the nature of the 
porous structure formation mechanism. 
 
4. What is a reliable technique for measuring pore depth in Metallurgical Grade 
Porous Silicon particles? 
 Combined FIB and ultramicrotomy techniques with SEM and TEM analysis 
show porosity at the outermost regions of PS particles with a solid Si core. A 
combination of fibbed milling (section 4.2.2), ultramicrotomey (section 4.2.3) 
and a basic technique of crushing MGPS particles (section 4.2.2) with a 
mortar and pestle is a good way to analyse pore depth in porous particles. 
Care must be taken during sample preparation (chapter 3) and analysis of 
numerous samples of the same material can be analysed to ensure reliable 
results are achieved.  
 
5. Is the MGPS material used in this study capable of forming Ca/P layers on its 
surface in vitro and therefore bioactive in vitro? 
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 SEM-EDX & nano-beam diffraction analysis concluded that the CaP layers 
formed on the MGPS particles and MGPS-PTFE sheet were crystalline HA. 
These results give a strong indication that MGPS and the MGPS-PTFE sheet 
are bioactive and have the potential to bond directly to living bone tissue 
upon implantation. The formation of the apatite layer on PS samples was 
found to be dependent on the level of porosity, and oxidation in the samples. 
A detailed explanation is outlined in section 4.5.  
 
6. What are the devices or potential products that these MGPS materials can be 
used for and what future work needs to be undertaken to make it competitive 
for such applications? 
 The work presented here characterises a bioactive MGPS-PTFE material 
which has the potential to be further developed for suitable bone bonding 
applications or a GBR device. The sheet material was examined after SBF 
trials and initiated deposition of a ‘bone-like apatite’ on its surface after only 
14 days of immersion in SBF. This ‘bone-like apatite’ contains Si 
incorporated into its structure, which is known to improve apatite’s 
biocompatibility and results in increased cellular differentiation and bone 
growth. Due to its reactivity in vitro and its nanoporous sponge structure, this 
material exhibits potential for use in bony applications, as well as in drug 
delivery device applications. This device may also be used as an enhanced 
bioactive platform for the incorporation and delivery of various 
pharmacological and biological agents in vivo. 
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 Further research focused on characterising the drug loading capabilities of 
MGPS and the subsequent drug release times compared to other PS materials 
is essential. If the drug loading and release capabilities are proven as aligned 
or better than current PS materials on the market then this would pave the 
way for further applications development. 
 
A flow chart is outlined in Figure 5.1 which highlights the ‘benchmark 
characterisation methodology’ that can be followed when working with porous 
microparticles, as seen within this thesis. Each step is outlined summarising the data 
that can be achieved when using a particular method or technique. The 
characterisation methodology is focused on structural and compositional 
characterisation of porous microparticles.  
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Figure 5.1 Benchmark Characterisation Methodology for Porous Microparticles 
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6 Future Work 
This thesis outlines a ‘benchmark methodology’ for structural and compositional 
analysis for porous microparticles of this size and morphology (Figure 5.1). This 
methodology could be applied to further PS samples of various grades and the results 
compared to the current findings. This would again add knowledge to the current 
field of PS and MGPS. A 3D model of the particle porosity could also be developed 
which would aid in characterising and understanding the material further. This will 
be difficult however, given the disordered nature of the surface bound porosity in 
these sample types. The techniques applied which were unsuccessful in 
characterising the MGPS material are included in Appendix C. 
6.1 Bio-Materials Applications 
An essential requirement for tissue-bonding biomaterials is that they can induce 
precipitation of a non-stoichiometric form of HA on their surfaces in vivo. MGPS 
and MGPS-PTFE material has shown the ability to rapidly develop HA formation in 
vitro making it both bioactive and showing the potential bone bonding ability in vivo.  
 
Further investigations whereby the MGPS is oxidised prior to SBF immersion and 
then examined at a greater frequency that the standard trial method could yield a 
faster precipitation of HA on the particle surface. Coating or implanting hydrogen 
into the silicon particle surface and examining after exposure to SBF would also be a 
potential study which could improve the HA precipitation rate. Exploration of the 
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interfacial layer between the HA and PS particle and the MGPS-PTFE material 
surface would also be beneficial to determine the bonding formation and subsequent 
bonding strength. The MGPS-PTFE material and MGPS has the potential to be used 
as drug delivery vehicles but drug loading & delivery studies would be essential for 
characterising the materials and the potential of the PS materials in this area in an in 
vitro setting. These types of studies would then outline the response of the material in  
vivo which would pave the way forward for in vivo trials. 
 
There is the potential for the MGPS material to be developed into an improved type 
of GBR device which might not only induce a more rapid form of HA development 
and induce rapid bone bonding at the implant interface but could also deploy specific 
growth factors or drugs to stimulate further bone healing and repair.  
 
Current orthopaedic devices consist mainly of CoCr or Ti which are then surface 
coated with HA to induce osteointegration and bone bonding in-vivo. PS and Si have 
been shown to enhance this bone bonding ability. They can also improve the 
bioactivity of such devices by incorporation of Si into HA and given the drug loading 
capabilities of PS one could develop a suitable device which not only improves the 
bioactivity of current market HA coatings but which could be fully loaded with 
growth factors to further stimulate bone healing at the implant site. This would result 
in a longer lasting and a more permanent solution to current orthopaedic implants 
and would also allow greater health benefits for the patient. 
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6.2 Battery Applications: 
There is an abundance of potential applications for PS. While this thesis is focused 
around the biomaterial fields the use and development of PS for Lithium-Ion 
Batteries (LIBs) applications is now heavily under research. Since their commercial 
introduction by Sony in 1991, LIB’s are now extensively used in mobile phones, 
laptops, video cameras and many other electronic devices due to their high energy 
densities.
142
 The electronics and technology sector of the current climate is constantly 
growing and with this comes the need for new upgraded high energy materials to 
deal with the subsequent growth of technologically advanced electronic devices.
143
 
LIB’s are also being considered for use as potential substitutes or secondary batteries 
for the electric automobile industries.
 142
 Therefore the development of LIB’s into 
advanced utilities is now considered a very important goal.
 144
 In modern LIB’s, 
graphite is currently used as the main negative active material or ‘negative electrode’ 
and it provides a theoretical capacity of 372mAhg
-1
. This results in an overall 
volumetric capacity of 800mAhml
-1 
for a standard LIB. Improving the theoretical 
capacity of the negative electrode material would result in a higher overall 
volumetric capacity and thus improve the current parameters of LIBs.
145
 Various 
materials are currently being explored as possible substitutes for the current graphite 
electrode such as Si, Sn, Al, hard carbons and metal oxides. 
146-150 
Compound 
materials are also being explored as possible substitutes.
151
 Certainly compounding 
or alloying materials as possible negative electrode replacements could be deemed a 
more adequate solution considering in 2005 Sony released an LIB with a negative 
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electrode containing an amorphous Sn-Co-C alloy. 
148
 This alloy proved effective as 
the LIB cell showed good charge and discharge capabilities. Si itself is now a 
promising anode material for LIB’s as it is a very potential alternative material to 
graphite. Si has a low discharge potential and can alloy with Lithium giving a 
composition of up to 4.4 Li per Si.
146
  This allows the highest known theoretical 
capacity of about 4200mAh/g. This is 10 times higher than your conventional 
graphite anodes and other oxide and nitride materials.
143
 The drawbacks with using 
Si are however, that in spite of the high capacity potential, particle pulverisation 
occurs during insertion and extraction of Lithium ions (Lithium-Silicon alloying to 
form LixSi and de-alloying to reform Si
152
). The pulverisation of the particles 
achieved through the large volume change (up to 400%) 
143
 during alloying and 
de-alloying results in electrically disconnected smaller particles which thus causes a 
decrease in the cycling ability of the LIB. 
152
 Considerable efforts are now focused 
on reducing fading of the capacity of negative electrodes upon prolonged cycling 
such as development of compound and composite materials as discussed previously. 
Other studies show simply reducing the particle size of Si to the nm range seems to 
reduce the mechanical stress during alloying and de-alloying. 
146
 Control of the 
volume change through control of the morphology of Si is still a relatively new area 
and is still being researched.
 152
 PS nanoparticles are currently being developed as 
anodes, with capacities around 1,400 mA·h/g. The ultimate goal would be to produce 
a viable low cost material as a suitable negative electrode replacement with a 
superior capacity and cycling ability, thus further study is needed in this area.  
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ABSTRACT 
 
Investigations into the development of potential bone substitutes 
have increased rapidly in the last decade. Titanium and cobalt chrome are 
currently the alloys of choice when it comes to the orthopedic medical 
device fields due to their excellent mechanical strength and corrosion-
resistant properties. Yet these materials are unable to elicit a biologically 
functional bone-material interface without a bioactive surface coating or 
surface modification. Osteoconductivity is only achieved when suitable 
coatings are applied or their surface properties are suitably altered. The 
need for significant bony reconstruction implants as a result of prosthetic 
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revision surgery also increases the need to produce longer lasting or 
permanent bone substitute materials.  
Hydroxyapatite is the principle constituent of bone and has been used 
as a mechanism to induce bone formation at particular biological sites in 
need of bone repair and growth. When applied as a surface coating, 
hydroxyapatite’s chemical and physical properties allow osteointegration 
of medical devices and prostheses. The discovery of hydroxyapatite has 
resulted, not only in rapid advances and developments in the orthopedic 
and dental fields, but has also lead to a surge in investigations into further 
tailoring of the material to create new devices that meet clinical needs. 
Currently, the most commonly used method for assessing the potential 
bioactivity and bone-bonding ability of a material in-vitro involves using 
simulated body fluid. Previous research by Kokubo et al. has shown that 
in-vitro results obtained using these experiments correlate directly to in-
vivo results and thus satisfies their use as potential bone-tissue substitutes.  
Porous silicon is a bioactive material and has been the subject of 
intense research since its original discovery at the Bell labs in 1956. 
Canham et al. was the first to suggest the possibility of creating 
biologically interfaced devices from porous silicon given its biostability, 
non-toxicity and ease of its topographical manipulation and 
optoelectronic properties. Porous silicon has been shown to induce the 
formation of a physiologically stable hydroxyapatite on its surface using 
in-vitro simulated body fluid experiments. Other studies today are also 
exploring the use of porous silicon as a promising potential bioactive 
therapeutic agent and drug delivery vehicle. Further research exploring 
the potential of using a silicon-substituted hydroxyapatite coating in in-
vitro experiments have showed improved bioactivity and chemical 
stability under physiological conditions compared to normal 
hydroxyapatite. In 2010, Chadwick, Clarkin and Tanner showed that 
metallurgical grade porous silicon powder induced bone-like apatite 
formation on its surface in simulated body fluid inferring a bioactive 
nature and likely close bony apposition in-vivo. This chapter explores the 
use of porous silicon as a biomaterial and hydroxyapatite and porous 
silicon as a potential biomaterial for bone tissue engineering and other 
bioactive applications. It examines current research and future directions 
of such biomaterials. 
 
 
INTRODUCTION 
 
From a biological perspective Si is an essential trace element which has 
been linked to the health of connective tissues and bones [1]. Previous 
research investigating the role of Si within the body has shown that increased 
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dietary Si is associated with increased bone mineral density (BMD) in the 
cortical hip bone of a range of subjects [2]. Large differences were observed in 
BMD values (up to 10%) for a dietary intake of between the greater than 40mg 
Si/day and the less than14 mg Si/day quintiles of Si intake.  
The range of subjects included 1295 men (aged 59.4 +/- 9.6 years), 306 
premenopausal women (aged 47.0 +/ 4.7 years) and 1325 postmenopausal 
women (aged 61.4+/- 8.3 years). Dietary Si was obtained from food sources 
such as cereals/grains and their products such as breakfast cereals, bread, beer, 
and some fruits and vegetables such as bananas, beans and lentils [2]. This 
research shows that Si can be used to stimulate bone growth through an 
increased dietary or supplement intake. The average dietary intake currently 
for Si is between 20-50mg Si/day in the Western world [2]. Carlisle et al. first 
reported the presence of Si (0.5 wt%) in-vivo within the mineral osteoid 
regions such as the active calcification sites of normal tibia from young mice 
and rats [3].  
It was also demonstrated that Si supplemented embryonic chick bones 
showed a 100% increase in collagen content over Si-low bones after 12 days 
in culture [4]. Studies of skeletal development in Si-depleted chicks showed 
reduced circumference of leg bones with a thinner cortex and reduced 
flexibility [5].  
Hydroxyapatite (HA), is a biomimetic calcium phosphate (CaP) ceramic 
with a similar composition to bone mineral [6]. It is bioactive and has been 
therefore used in dental and medical applications including coatings for hip 
replacements and bone grafting materials for filling bone cavities [6]. Silicon, 
when substituted into HA has been shown to improve bioactivity and increase 
the bone bonding ability of the ceramic (see Table 1).  
Carlisle et al. has shown that Si is concentrated in the active bone growth 
sites of young mice and rats (co-localized with osteoblasts) and increased 
together with the level of Ca in osteoid tissues [5]. 
 
Table 1. Comparison of in-vitro and in-vivo bioactivity  
of HA and Si-HA [7-8] 
 
 HA 0.8 wt.% 1.6 wt.% 
Time required to form a 
surface layer of apatite in-
vitro (days) 
24 17 11 
Percentage bone/implant 
coverage at 23 days in-vivo 
47.1%±3.6 59.8%±7.3 - 
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As the bones develop or ‘mature’, the Si levels diminish as Ca levels 
increase to those of fully mineralized bone. This research suggests that Si may 
have a role in the development of an organic matrix and subsequent initiation 
of calcification and is further evidenced by the concentrations of collagen and 
glycosaminoglycins which are suppressed in Si deficient animals while the 
mineral composition of bone is largely unaffected [5]. Glycosaminoglycins are 
shown to be associated with Si in numerous tissue types and it has been 
indicated that Si is associated with organic phosphorus prior to calcification 
[5].  
These results support the arguments that Si has a role in co-coordinating 
glycoprotein phosphorylation reactions with collagen prior to the growth of 
HA crystals [5]. 
 
 
POROUS MATERIALS  
 
Porous materials can be defined as any solid material containing pores [9]. 
The porosity of a material generally means the fraction of pore volume to the 
total volume of the material. It consists of individual openings, spacings or 
interconnecting pores [9].  
Porosity can occur at a substrate surface or can completely penetrate 
through a bulk material [10]. According to the IUPAC (International Union of 
Pure and Applied Chemistry), porous materials are divided into three 
categories: microporous or nanoporous (<2nm), mesoporous (2-50 nm) and 
macroporous (>50nm) [11].  
Pores within a material are classified into two types: open pores and 
closed pores [9]. The open pores connect to the outside of the material whilst 
the closed pores are isolated from the outside and may contain a fluid. Most of 
the industrial applications today require porous material with open pores.  
Porous materials for filters and carriers for catalysts and bioreactors need 
to have a high fraction of open porosity. Closed porous materials are used 
mainly for sonic and thermal insulators or low-specific-gravity structural 
components [9].  
Nano-porous materials abound in nature both in biological systems and in 
natural minerals. Bulk nano-porous materials which can be visualised as 
diminutive sponge-like substances, are gaining increasing importance in 
industrial applications such as molecular sieving, ion exchange and catalysis 
[12]. 
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POROUS SILICON 
 
Porous silicon (PS) is considered a sponge-like structure created by either 
electro-chemical or chemical etching of bulk silicon [13]. This produces a 
random array of pores within the silicon material. PS was originally 
discovered by Arthur Uhlir Jr. and his wife Ingeborg, at the Bell laboratories 
in the US between 1955 and 1956 [14]. Uhlir and Ingeborg were developing a 
technique for cleaning, polishing and shaping the surfaces of germanium and 
silicon by electrochemical etching in hydrofluoric (HF) acid solutions [14]. 
Uhlir discovered that low current densities would induce a red or black crude 
product in the form of a thick film on the surface of the material. In 1971, 
Watanabe and Sakai demonstrated the first application of PS in electronics 
with ‘full isolation by the porous oxidized process’ (FIPOS), where the PS 
layers were used for device isolation in integrated circuits [15]. The main 
focus of research during this period was based on using oxidised porous 
silicon as a dielectric isolator [14]. Then, in the late 1980’s, at the Defence 
Research Agency in England, Leigh Canham discovered that PS was able to 
display quantum confinement effects. In a published experiment in 1990 it was 
revealed that silicon wafers can emit light if subjected to electrochemical and 
chemical dissolution [16]. This particular phenomenon is known as 
photoluminescence. Major interest has since grown concerning the uses and 
various applications that could arise from using PS [16].  
 
 
POROUS SILICON FORMATION 
 
The two most commonly employed methods applied to achieve PS 
formation are electro-chemical etching and chemical etching of Si in HF based 
solutions [17-18]. In the case of electrochemical etching of pure intrinsic Si 
wafers, it is generally accepted that only a hydrogen (H) passivated surface 
layer results [19]. Hole injection and doping in bulk Si wafers prior to etching 
is essential to allow the HF electrolyte penetrate into voids and attack the 
material thereby resulting in the initial dissolution phase of the Si surface layer 
and a porous surface structure being formed [19]. The anodisation cell can be 
one of three types such as a lateral cell, single-tank or double tank cell and the 
potential current applied, usually a constant current at low current density, 
allows maximum control of parameters such as porosity, thickness and 
uniformity of the final PS layer structure [20]. Pore initiation and dissolution 
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in the Si wafer material is however, still under some review with different 
mechanisms being proposed [20].  
It is now generally accepted though that bulk Si must be doped and 
contain holes before applying an electrochemical etching procedure to initiate 
pore formation [20]. HF is considered unreactive with a pure bulk Si surface 
because once it removes any oxide layers it leaves the surface hydrogen 
terminated with one H atom bound to each surface Si atom. To initiate further 
reactivity and induce etching, the H-terminated surface must be activated 
either electrochemically (applying a sufficient voltage) or chemically (adding 
an oxidant with a sufficient electrode potential). This formation of H bubbles 
on the surface gives rise to inhomogeneous microporous Si formation [19]. 
The application of the anodisation cell and potential current results in an 
electron being removed from the Si-H bond created initially, thus causing a 
hole (a vacancy in the Si valence band).  
The previously passivated Si-H bond is now activated and becomes 
susceptible to attack by the fluoride solution [21]. Etching now proceeds 
rapidly inducing pore formation. Once the pore is formed it is the constant 
potential current that maintains an invariable concentration of HF at the pore 
tips leading to a more homogenous in-depth porous layer structure being 
formed [18].  
Properties of the Si material such as pore size, volume and depth in this 
instance, are very much dependant on the anodisation conditions applied, for 
example: HF concentration, type of wafers (N-type or P-type), 
crystallographic orientation, current density, anodisation duration [18]. These 
properties are then tuned to the desired ranges by tailoring the anodisation 
conditions.  
Chemical etching or stain etching applied to Si wafers is a much easier but 
less frequently employed technique. The key mechanism to form PS is through 
the etchant solution used (HF, HNO3 and water (H2O)). It is believed Nitric 
Oxide (NO) is produced on the surface of the Si which serves as the hole 
injector [17]. HNO3 then serves as the catalyst for porous layer formation [17]. 
Various mechanisms are again proposed for the overall dissolution chemistry 
associated with PS formation through this method [17, 22-23] but in general 
the porous layer structure is formed under similar conditions to the electro-
chemical etching method discussed previously.  
Another key to forming a porous layer structure through chemical etching 
is the application of certain elements onto the Si surface such as a thin 
aluminium (Al) film onto a Si substrate [24]. Dimova-Malinovska, D. et al. 
showed that the Al film (up to 200nm in size) actually reacted with the HF 
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solution and in this case was the mechanism for hole initiation and the porous 
structure formation [24]. Up to 1μm thick porous layers on Si wafers can be 
developed using this method.  
Most electrochemical etching procedures can induce porosity up to a few 
microns thick depending of course on the relative size of the Si wafer or Si 
particle [17]. Gold (Au) assisted electro-less etching has been seen to cause 
much deeper pore formation into Si wafers [25]. A nanometre sized Au film 
(~4nm) is deposited onto doped wafers which upon reaction with the HF based 
solution causes breaking of the film into tiny Au particles on the surface of the 
Si wafer.  
The applied etching conditions causes pore formation at the position of the 
Au particles on the surface and relative to the size and morphology of the 
particles formed [25]. Metal-assisted etching using thin films of platinum (Pt) 
and silver (Ag) on Si has also been documented as the critical elemental 
factors to inducing PS formation [26-28].  
Incorporating iron (Fe) into HF solutions has also been shown to affect the 
etching process to some degree [29]. The application of electroless, electro-
chemical and chemical etching procedures applied to Si is now well 
documented [22-23].  
 
 
METALLURGICAL GRADE POROUS SILICON 
 
Metallurgical Grade Porous Silicon (MGPS) powder contains impurities 
including Fe, Al, Ca, carbon (C) and oxygen (O) [30-32]. During the 
manufacturing process it is believed that these impurities are a result of the 
smelting and grinding process applied to make the Metallurgical Grade Silicon 
(MGSi) powder [30]. 
Previous studies have shown that MGSi powder contains a host of 
impurities with Fe, Al and Ca being heavily deposited at the grain boundaries 
of the material [31]. Vesta Ceramics (Hisings Backa, Sweden) are a leading 
manufacturing company in producing PS from MGSi powder. They 
incorporate a jet-milling process on larger particulate sized MGSi powder to 
break the powder into micron size particles [30].  
During the milling process, these powder particles will fracture along 
grain boundaries where impurities are segregated and therefore particles will 
have more impurities on the surface. These impurities then react with the 
chemical etchant applied causing hole initiation and PS formation at the 
surface relative to the etching rate of Si [30].  
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METALLURGICAL GRADE POROUS SILICON STRUCTURE 
 
The particle morphology was studied from a series of SEM images, 
obtained using a Hitachi SU-70 SEM. The images in Figure 1 represent 
samples 2E-100, 2E-60 and 2E-Bulk. These three samples of MGSi powders 
are as follows (‘2E’ refers to the specific grade of material): 
 
1) 2E-Bulk – The starting MGSi powder used to make MGPS particles  
2) 2E-100 – MGPS powder manufactured from the 2E-Bulk powder 
after chemically etching for 100% of the required etching time (100% 
etching time is defined as the point when the sample exhibits 
photoluminescence with an ultraviolet light [30]) 
3) 2E-60 – As for (2) but only chemically etched for 60% of the required 
etching time. 
 
 
Figure 1. SEM images of selected Si particles in samples 2E-100, 2E-60 and 2E-Bulk. 
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The MGPS particle size ranges from 4 - 5 µm with pore sizes ranging 
from 8 - 15 nm in diameter. The random, pitting dispersion of pores on the 
surface of the MGPS particles is clearly visible. Sample 2E-100 displays a 
high surface porosity with the surface pores almost coalescing in some cases. 
The pores in sample 2E-60 are characteristically more spaced out. They also 
appear shallower in comparison to sample 2E-100. The solid surface of sample 
2E-Bulk clearly shows no pore formation prior to the chemical etching 
process.  
Previous studies have used tomography to obtain various morphological 
characteristics of materials as well as pore information [33-34]. Two MGPS 
particles were isolated from sample 2E-100 and Transmission Electron 
Microscopy (TEM) images were recorded at tilt angles about the x-axis 
ranging from -37° to +37° at 2° intervals.  
Using IMOD image analysis software [35], they were then built into a tilt 
series. From the tilt-series, the core of the MGPS particle in Figure 2a is 
observed, indicating a thicker core region compared to the outer region of the 
particle, but it is not possible to tell from the TEM tilt series if this section is 
porous or not.  
In Figure 2b, the tilt series for the smaller MGPS particle, shows that the 
pores seem to penetrate all the way through.  
 
 
Figure 2. TEM micrographs of MGPS particles (a) and (b) used for tilt series from 
sample 2E-100. 
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Figure 3. SEM images of fractured particles from sample 2E-100 prepared using a 
mortar and pestle [32]. 
The main limitation of this technique in this case is that the particle size is 
generally too large to allow electrons to penetrate through and is therefore 
limited to particles with thicknesses of less than approximately 200nm. Due to 
this limitation, it was not possible to construct a full tomographical series for 
this sample. A structural study completed by Chadwick et al showed the 
smaller sized MGPS particles < 2µm in diameter to be completely porous 
throughout [32]. Larger MGPS particles have a solid Si core and a porous 
outer shell. 
In order to observe the pore structure beneath the surface of the MGPS 
particles, sample 2E-100 was crushed with a mortar and pestle and analysed 
with SEM as shown in Figure 3. The results indicate an interconnected pore 
network existing beneath the surface of the MGPS particles. In keeping with 
other observations from this study, the pores observed are randomly oriented 
and numerous. The size of the pore channels range from 7-12nm which also 
corresponds well to the pore sizes seen in Figure 1 for 2E-100 and 9.6nm for 
2E-60 [32]. 
 
 
SIMULATED BODY FLUID 
 
In 1991, Kokubo and Takadama outlined that the essential requirement for 
an artificial material to bond to living bone in-vivo requires the formation of 
bone-like apatite on its surface and that this in-vivo apatite formation could be 
reproduced using simulated body fluid (SBF) with ion concentrations nearly 
equal to those of human blood plasma [36]. Thus, the in-vivo bone bioactivity 
can be assessed in-vitro using SBF. The formation of a bone-like apatite layer 
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on the surface of a material creates the bond between the substrate material 
and living bone. Bioactive glasses, apatite containing glass-ceramics, 
composite glass-ceramics, sintered HA and apatite β-tricalcium phosphate 
biphasic ceramic were all found to produce an apatite layer on their surface in 
SBF and when implanted in-vivo they also bonded to living bone through 
formation of a CaP apatite layer [36]. Thus, the direct correlation between in-
vitro results and in-vivo results are once again clarified.  
The precipitation of bioactive calcium phosphate in SBF is governed by 
complex thermodynamics, consisting of seventeen association / disassociation 
reactions [37]. SBF is a supersaturated solution with respect to apatite; 
however, it does not spontaneously deposit apatite during storage at 36.5°C 
indicating that the degree of supersaturation is not so high as to induce 
homogeneous apatite nucleation. Tanihara et al. identified the factors, which 
govern heterogeneous apatite nucleation on a substrate [38]. The rate, I, of 
heterogeneous nucleation of a crystal on a substrate in a solution at 
temperature T is given by Equation 1: 
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where: 
ΔG is the free energy for the formation of an embryo of crystal size 
ΔGm is the activation energy for transport across the nucleus-solution 
interface.  
Of these ΔGm is independent of the substrate. ΔG is given by Equation 2. 
 
∆G = 16Ơ
3
f(θ) / 3(kT/Vβ ln(IP/Ko))    (Equation 2) 
 
where: 
σ = the interface energy between the nucleus and the solution. 
IP = the ionic activity product of the crystal in the solution. 
K0 = the value of IP at equilibrium (the solubility of the crystal). 
 f  = a function of constant angle between the nucleus and the 
substrate.  
V = the molecular volume of the crystal phase.  
Among these terms  f  depends on the substrate and IP/K0, a measure 
of the degree of supersaturation also depends on the substrate when the 
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substrate releases some constituent ions of the crystal. Therefore an increase in 
the ionic activity product or a decrease in  f  is effective for heterogeneous 
apatite nucleation [37]. An increase in the ionic activity product of apatite can 
be facilitated by release of Ca
2+
, PO
3-
4, or OH
-
, which are constituents of 
apatite. Among these, Tanihara et al. state that increasing Ca
2+
 is most 
effective [38]. 
Lu and Leng carried out thermodynamic and kinetic analysis of SBF and 
found that HA precipitation exhibits a higher thermodynamic driving force 
than octacalcium phosphate (OCP) or dicalcium phosphate dehydrate (DCPD) 
even though OCP precipitation is kinetically favourable in SBF. Similarly, 
DCPD does not have a thermodynamic driving force of precipitation in SBF, 
even though it has kinetic advantages in nucleation. Generally, precipitation of 
carbonate-containing HA is more kinetically favourable than that of 
stoichiometric HA and has the same level of thermodynamic driving force; 
precipitation of calcium-deficient HA is also more kinetically favourable, but 
its thermodynamic driving force is lower than that of stoichiometric HA [37]. 
On the basis of the thermodynamic principals that govern apatite 
precipitation, a mechanism of apatite formation can be explained. There are 
two important factors pertaining to apatite formation in SBF. The first is the 
release of ionic species to increase the degree of supersaturation of the 
surrounding fluid with respect to apatite, the other is the existence of 
favourable sites for heterogeneous nucleation. For bioglass, the following 
mechanism is proposed. Upon immersion in SBF, dissolution of the material’s 
surface occurs and results in the release of Ca
2+
 ions into solution and the 
formation of Si-OH groups. At the interface, the degree of supersaturation of 
SBF increases with respect to apatite until the free energy barrier for the 
formation of a critical nucleus ΔG is reached. Once reached, crystal nucleation 
begins at precise sites along the substrate surface and crystals attach at specific 
sites along the substrate (e.g. Si-OH groups). Once the critical nucleus is 
attached to the substrate it grows by the ionic deposition of
 
Ca
2+
, PO
3-
4 and 
OH
-
 from solution onto the growing nucleus, with neighbouring crystals 
imposing space restrictions thus governing the direction of the growth. The 
process continues until the surface has been fully covered and a bioactive 
surface layer of CaP has been formed.
 
It has been speculated that apatite 
formation on silica gel is induced by silanol groups on its surface. However, it 
has also been proposed that pores play an important role in nucleating the 
apatite, rather than the silanol groups [39-40]. In studies by Pereira et al. 
induction time for apatite formation on a silica gel in SBF was shown to 
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increase with decreasing pore volume and pore size, as such it was postulated 
that negatively charged pores larger than a 2 nm radius provide favourable 
conditions for the apatite nucleation and hence act as nucleation sites [41-42]. 
On the other hand, West and Hench proposed, on the basis of molecular orbital 
calculations, that surface defects such as trisiloxane rings are effective for the 
apatite nucleation [43].
 
Cho et al. found that neither the presence of the silanol groups nor that of 
the trisiloxane rings is a sufficient condition for apatite nucleation and that the 
presence of pores larger than 1.7 nm is also an insufficient condition for the 
apatite nucleation [44]. However, it was speculated that a certain type of 
structural unit of silanol groups was effective for apatite nucleation.  
It is important to note at this point that while SBF in vitro tests are 
considered an essential ‘guide’ for predicting in-vivo bioactivity and 
determining the bone bonding ability of a material, it is also possible for some 
materials to invoke a successful in-vivo response even though they were 
unsuccessfully trialed in SBF. Bohner and Lemaitre outlined certain aspects of 
the current and established SBF which is used by many researchers, which 
could be improved upon to further resemble blood serum [45]. It is proposed 
that the simplest SBF solution should be in equilibrium with DCPD [45]. The 
current SBF used however, is also established as the main method for 
exploring potential in-vitro bioactivity. 
 
 
POROUS SILICON BIOMATERIALS AND BIOACTIVE 
SILICON COATINGS 
 
Biomaterials are a select group of materials used for medical treatment 
within the human body [46]. They can be either modified natural or synthetic 
materials which find application in a wide variety of medical and dental 
implants and prosthesis used for repairing, enhancing or replacing natural 
tissues [47]. A key element of biomaterials is that they must assist in a medical 
function or capacity while maintaining compatibility with human organs and 
tissues [46]. Examples of clinical biomaterial applications today include joint 
replacement, vascular grafts and heart valves [47]. In terms of potential bio 
applications of Si and PS materials, research is currently underway exploring 
the use of Si and PS for enhancing current medical device coatings by 
producing composite materials and also exploring the use of Si and PS as a 
standalone coating material, as well as drug delivery devices.  
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A novel approach to creating potential bioactive mesoporous silica 
coatings for implants was outlined by Gomez-Vega et al. in 2001. Here, Si 
substrates were etched in HF (5 vol. %) for 30 seconds to remove a silica 
layer. A substrate of Ti6Al4V was then coated with the mesoporous silica film 
(0.1 to 1µm) through a spin casting method using sol-gels as described [48]. 
After immersion for 7 days in SBF, hemispherical formations of apatite 
crystals with a leaf-like texture were observed on the surface of the coating 
material [48]. This outcome in-vitro, is indicative of the potential bone 
bonding ability of this bioactive coating material in-vivo [49].  
Since HA is already known to be bioactive and osteoconductive, it is 
therefore the current bioactive coating of choice for metallic implants. 
Investigations into combining this already osteoconductive material with Si 
and PS are underway due to the potential to enhance the bioactive properties, 
bonding ability and life-span of the coating at the implant-bone interface [50-
52]. Si itself is thought to positively affect the cellular response at the implant-
bone interface since Si is present in high concentration in metabolically active 
osteoblasts and considered critical in extracellular matrix formation in bone 
and cartilage [50]. Thian et al. investigated the in-vitro bioactivity of Si-doped 
HA coatings applied to a titanium substrate through magnetron co-sputtering 
in SBF. When comparing the as-sputtered HA (control sample) and Si-doped 
HA coatings it was revealed that a denser precipitated layer formed on Si-
doped HA showing improved bioactivity compared to the as-sputtered HA 
material[50]. The increased bioactivity of the Si-doped HA can be attributed to 
the chemical reactions between the SBF and the coating material. During the 
initial dissolution phase Ca (Ca
2+
) and P (P
5+
) ions are released into the SBF 
which increases the degree of super-saturation of SBF with respect to apatite. 
This facilitates the initial formation of CaP nuclei on the coating surface by 
consuming the Ca
2+
 and P
5+ 
in the SBF [50]. CaP crystallite growth results in 
combination with the formation of additional nuclei creating a surface apatite 
layer.  
It is suggested that the incorporation of Si into the HA coatings results in 
Si
4+ 
ions also attaching to the surface of the coating as SiO4
4+ 
ions thus 
inducing further sites for nucleation and crystallization of the apatite layer 
[50]. Annealing the sample has also been shown to increase the rate at which 
the apatite layer forms in-vitro. Gibson et al. has also reported that the 
incorporation of Si into HA enhances osteoblast cell activity and increases 
apatite formation in SBF when compared to phase-pure HA [53]. Sanchez et 
al. explored the modification of a PS substrate by coating with HA through 
cathodic bias in an electrochemical process in a cell culture study [54]. The 
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resultant material proved to have positive results showing proliferation of 
macrophages on the surface of the modified PS-HA material [54].  
An improvement in the mechanical properties of Si-incorporated coralline 
HA to Porous HA was achieved by Kim et al. showing an increase in 
compressive strength of up to 5.5 Mpa [55]. Niu et al. explored vacuum 
plasma spraying of Si coatings onto Ti6Al4V and showed improved in-vitro 
bioactivity when the samples were cleaned prior to SBF treatment at high 
temperature using de-ionized water [56]. It is proposed that the Si-OH groups 
which exist on the surface of the Si coating react with the hydroxyl ions in the 
SBF creating a negative charged surface with a Si-O
-
 functional group [56]. 
This negative surface then attracts positive Ca
2+
 ions which are the first crucial 
ions needed to form an apatite layer. Adsorbtion of the Ca ions onto the 
surface coating results in hydrated precursor clusters containing Ca Hydrogen 
P. These clusters then grow by consuming the CaP ions in the SBF forming an 
amorphous CaP phase which later crystallizes into carbonate containing HA 
[56].  
The structure of the bond between bone and PS substituted HA was 
explored by Porter et al. in 2005 [57]. This in-vivo study explored the PS-HA 
bioceramic after it was placed into the distal femur of a rabbit and examined 
after a 6 week period. Results showed the growth of organized collagen fibers 
into the strut porosity at the bone PS-HA implant interface which then formed 
into mineralized fibrils within the implant [57]. It was observed that the apatite 
crystallites directly abutted and overlayed the Si-HA grains. Hence bone 
simply weaves over Si-HA forming a mechanical interlock and biological 
bond to the underlying ceramic [57].  
The majority of Si-HA coatings can be applied using plasma spraying, 
magnetron co-sputtering, sol-gel and pulse laser deposition [58]. Li et al. 
reported on the formation of uniform Si-HA phase coatings up to 1.4µm thick 
on commercially pure Ti substrates using an electrochemical deposition 
technique in electrolytes containing Ca
2+
, PO4
3- 
SiO3
3-
 ions with various molar 
ratios (nsi) [58]. This particular technique had a negative drawback which 
showed that the presence of Si in the electrolyte acts as an inhibitor to the 
growth of Si-Ha crystals leading to a decrease in potential coating thickness 
and results in overall changes to the HA crystal structure due to the loss of 
some OH
- 
ions [58]. Zhang et al. studied the effects of HA and Si-HA coatings 
applied to porous Ti [59]. The porous Ti which had a pore size of up to 150-
600µm and a porosity of 67%, was prepared using a fiber sintering process.  
The HA and Si-HA coatings were applied to the porous Ti through a 
biomimetic coating process. In-vivo studies showed that the Bone In-Growth 
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rate (BIR) of the HA and Si-HA coatings were significantly higher than the 
uncoated porous Ti and that overall the Si-HA coated porous Ti displayed 
significantly higher BIR and highly improved surface bioactivity than the HA 
coated porous Ti [59]. Another study was conducted by Zhang et al. exploring 
the bioactivity of Si incorporated TiO2 (Si-TiO2) coatings compared to TiO2 
coatings and Ti plates [60]. The Si-TiO2 coating was prepared by Micro-Arc 
Oxidation (MAO) in a Ca, P, Si containing electrolyte. MAO is a plasma 
assisted electrochemical method that produces thick, rough and nano-
structured oxide films on Ti. Here MC3T3-C1 osteoblastic cells were seeded 
onto the three substrates with the Si-TiO2 showing the greatest cell attachment 
and proliferation. This was attributed to the Si releasing from the TiO2 
contributing to extracellular pH changes causing the structural alteration of the 
cell transmembrane proteins [60]. These altered proteins interact and bond 
with proteins adsorbed on the Si-TiO2 coatings from the culture medium 
promoting the attachment of the cells onto the surface. The porous surface 
structure is also thought to play a key role in attachment and proliferation [60]. 
 
 
POROUS SILICON IN DRUG DELIVERY  
AND THERAPEUTICS 
 
PS is increasingly being investigated for use as a potential material for 
drug delivery and therapeutics given its unique properties including high drug 
loading capacity, tunable surface porosity, heat and radiation stability, in-vivo 
biocompatibility and controlled release properties [61]. Prestidge et al. studied 
the loading of a model hydrophilic protein - papain into stain etched and 
anodized PS powders. Analysis concluded that the papain burst and sustained 
release is dependent on the PS type and loading level and that the loading of 
the protein was more efficient for the anodized PS than the stain etched PS 
[61]. Mesoporous Si microparticles were produced using thermal 
carbonisation (TCPSi) and thermal oxidation (TOPSi) to create particle 
surfaces which were suitable for drug administration applications [62]. The 
loading of five drugs (antipyrine, ibuprofen, griseofulvin, ranitidine and 
furosemide) into the microparticles and their subsequent release behavior was 
examined [62]. The loading efficiencies varied between 9%-45% while the 
release rate was dependant on the characteristic dissolution behavior of the 
drug substance. When the dissolution rate was high the microparticles caused a 
delayed release [62]. Providing controlled and localised release of therapeutics 
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within the body are essential objectives for improving efficiency and reducing 
the risks of potential side effects [1].  
The low toxicity of PS, its high porosity and tunable surface chemistry has 
created a surge of interest in developing PS as a potential mothership for 
therapeutics, diagnostics and other types of payloads [1]. PS was previously 
explored as a potential therapeutic agent for cancer treatment [63]. 
Photodynamic therapy (PDT) has some short and long-term side effects arising 
from reactive oxygen species (ROS). Single-walled carbon nano tubes (CNT) 
combined with near-infrared (NIR) light irradiation developed significant 
interest due to their heat generation capability and potential to develop them as 
therapeutic nano-bomb agents [63]. This particular PS study showed that the 
surface temperature of PS increased as quickly and as high as CNT and this 
generated heat is sufficient to kill off cancer cells. The PS was also found to 
produce smaller amounts of ROS than CNT during NIR light irradiation [63].  
Mesoporous Si was developed as a multistage delivery system for imaging 
and therapeutic applications [64]. The mesoporous Si particles were 
biodegradable and biocompatible with well controlled shapes, sizes and 
porosity and able to carry, release over time and deliver nanoparticles to 
primary endothelial cells [64]. Another study investigated the interaction of 
B50 rat hippocampal cells with stain-etched PS [65]. These cells showed a 
clear preference for the PS material surface compared to an untreated surface 
and it was observed that the network pattern is influenced by a single neuron 
response to the material surface nature and topology [65]. Mesoporous silica 
nanoparticles (MSN’s) showed the ability to carry basic fibroblast growth 
factors (bFGF), proteins which play a key role in wound healing and blood 
vessel regeneration [66]. PS is similar to MSN’s in that they have well 
documented surface properties, tunable pore sizes and very large surface areas 
making them ideal candidates for drug delivery devices, therapeutics and cell 
culture mediums and general biocompatible materials for a wide range of 
applications.  
 
 
ANALYSIS OF A BIOACTIVE METALLURGICAL GRADE 
NANO-POROUS SILICON PTFE COMPOSITE 
 
A polytetrafluoroethylene (PTFE) MGPS composite sheath structure was 
purchased from Vesta Sciences (Hisings Backa, Sweden). This composite 
consisted of fused PTFE beads (Dupont No.60 Teflon™) with embedded 
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MGSi microparticles which had been chemically etched to produce a 
nanoporous structure.  
The MGSi microparticles were chemically etched in a similar fashion to 
sample 2E-100 (2E-100 – MGPS powder manufactured from the 2E-Bulk 
powder after chemically etching for 100% of the required etching time (100% 
etching time is defined as the point when the sample exhibits 
photoluminescence with an ultraviolet light [30]). Particle size was around 
4µm with the surface area at 157m
2
g, pore volume at 0.3cc/g and pore size is 
an average of 5.9nm. SBF was produced in accordance with published 
methods [36, 67].  
Reagents were dissolved in sequential order (as per Table 2) into 500 mL 
of purified water (Reagecon, Shannon, Ireland) using a magnetic stirrer. The 
solution was maintained at 36.5 ±1.5 ˚C using a water bath. One mole HCl 
was titrated to adjust the pH of the SBF to 7.40. Purified water was then added 
to adjust the total volume of liquid to one litre. Once prepared, the SBF was 
stored for 24 h (5 ˚C) to ensure that no precipitation occurred.  
Composite structures were cut into appropriately sized samples and 
immersed in a calculated quantity of simulated body fluid (SBF), such that 
equation 3 was satisfied: 
 
Vs = Sa/10       (Equation 3) 
 
where Vs is the volume of SBF (ml) and Sa is the surface area of the specimen 
(mm2). Specimens in SBF were stored in plastic containers and maintained at 
37±1˚C for 1, 7 and 14 days. After removal from SBF, each sample was gently 
rinsed with purified water, placed on individually labelled sheets of filter paper 
and left in desiccators at room temperature to dry. After removal from SBF 
solutions, a JEOL JSM-840 scanning electron microscope (JEOL Ltd., Tokyo, 
Japan) equipped with a Princeton Gamma Tech (PGT) Energy Dispersive X-
ray (EDX) system (Princeton Gamma Tech UK Ltd., Peterborough, UK) was 
used to obtain secondary electron images and carry out chemical analysis of 
the surface of the composites. All EDX spectra were collected at 20 kV, using 
a beam current of 0.26 nA. Quantitative EDX converted the collected spectra 
into concentration data by using standard reference spectra obtained from pure 
elements under similar operating parameters. A Phillips Xpert MPD Pro 
3040/60 X-ray Diffraction (XRD) Unit (Phillips, Amsterdam, Netherlands) 
was used to perform thin film XRD (TF-XRD) on the surface of the 
composites after immersion in SBF to analyze the crystallinity of the CaP 
layer formed. 
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Table 2. Order and amounts of reagents used to prepare 1,000 mL of SBF 
 
Order Reagent Quantity 
1  NaCl 8.035 g 
2  NaHCO3 0.355 g 
3  KCl 0.225 g 
4  K2HPO4.3H2O 0.231 g 
5  MgCl2.6H2O 0.311 g 
6  1.0 M-HCl 39 mL 
7  CaCl2 0.292 g 
8  Na2SO4 0.072 g 
9  Tris 6.118 g 
10  1.0 M-HCl 0–5 mL 
 
TF-XRD was run between 25 and 45 degrees 2-theta, using a generator 
voltage of 40 Volts and a tube current of 40 Amps, a step size of 0.017 degrees 
2-theta and a step time of 40.72 s. A Varian 610-IR Attenuated Total 
Reflection Fourier Transform Infrared (ATR-FTIR) spectrometer was used to 
examine changes to the functional groups of the samples after each time period 
of immersion in SBF. 32 ATR-FTIR scans were averaged between 4000 and 
500 cm
-1
, with a resolution of 4 cm
-1
. The SBF solutions, after removal of the 
composite material, were filtered using Watman filter paper (1µm nominal 
pore size) and acidified (to maintain dissolution and prevent any re-
precipitation during analysis) by making up 5 ml of SBF to 25 ml using 2 
vol.% nitric acid. Standards were purchased (Reagecon, Shannon, Ireland) and 
suitably diluted, such that a linear correlation could be made within the range 
of the SBF samples. Inductively Coupled Plasma-Optical Emission 
Spectroscopy (ICP-OES) was run on standards and samples and 2 vol. % nitric 
acid was used to clean out lines between runs.  
As indicated in Figure 4, the MGPS particles are clearly visible above the 
teflon tape. As might be expected, SEM-EDS analysis reveals only the 
presence of Si, O and fluorine (F), (Figure 5a) which are due to Si from the 
particles, F from the etching process and O from the surface oxide on the 
teflon tape [32]. However, post-immersion in SBF, the MGPS-PTFE 
composite exhibits precipitation of a needle-like morphology on its surface. 
EDX analysis reveals that this precipitate consists of Ca, P and Si, with small 
amounts of sodium (Na) and magnesium (Mg) incorporation (Figure 5b). 
From the SEM analysis it was evident that the MGPS-PTFE composite could 
induce the rapid formation of bone-like apatite on its surface in SBF.  
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a) 
 
 
b) 
 
Figure 4. SEM of the MGPS-PTFE composite before (a) and after (b) immersion in 
SBF for 14 days. 
Apatite spherulites formed on the MGPS-PTFE of > 1µm in size were 
observed after 14 days in SBF and the Ca/P ratios observed were consistent 
with HA of 1.67 [67]. 
 
a) 
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b) 
 
Figure 5. EDX analysis of MGPS-PTFE composite before (a) and after (b) immersion 
in SBF. 
Thin film X-ray diffraction (TF-XRD) of the fully etched sample (Figure 
6) reveals that the precipitate is crystalline in nature and is indeed crystalline 
HA.  
It can be observed from Figure 6 that after only 1 day of immersion in 
SBF there is evidence of a small HA peak at approximately 26 degrees 2-theta. 
This 100% HA peak continues to grow between 1 and 14 days of immersion in 
SBF, relative to the background Si peak, present at approximately 28.5 degrees 
2-theta.  
 
 
Figure 6. TF-XRD of the MGPS-PTFE composite at different immersion times in SBF. 
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Figure 7. ICP-OES of SBF after different periods of MGPS-PTFE composite 
immersion. 
Inductively coupled plasma-optical emission spectroscopy (ICP-OES) 
analysis of the remaining SBF solutions after immersion studies indicated a 
linear reduction in Ca and P content with immersion time (Figure 7), as might 
be expected with the surface precipitation of HA on the composite. However, 
Si content in the solution was observed to increase after 1 day of immersion 
and linearly decrease thereafter. This would indicate that initial degradation of 
the Si particles occurs, followed by uptake by the precipitating HA. This 
indicates that the initial HA precipitation observed (after 1 day) may be either 
Si free or have a low Si content, followed thereafter (7 and 14 days) by 
precipitation of a Si-rich HA phase. This initial Si release into solution, as well 
as the subsequent uptake in the HA structure will likely be beneficial from a 
therapeutic prospective. 
The microparticles used in this MGPS-PTFE composite material are 
similar to the ones used in a previous study by Chadwick, Clarkin and Tanner 
which showed that the powder induced bone-like apatite formation on its 
surface in SBF [67]. Previous TEM analysis of the surface of the MGPS 
particles indicated the presence of a dense surface layer of large particle-like 
aggregates of needle shaped crystals, typified by the image in Figure 8a. Nano-
beam diffraction analysis indicated a crystalline structure as shown by Figure 
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8b. The crystal structure was matched to HA in the JPDS database (reference 
number 01-1008) [67].  
The simulated diffraction pattern is indicated in Figure 8b. The results 
shown were found to be representative of the sample as a whole, after a 
number of different areas were studied. The compositional elements of the 
surface layer, as identified by EDX indicate the presence of Ca, P and Si 
within the crystalline structure (see Figure 8c). The lower region on the left of 
the image in Figure 8a shows the MGPS area covered by the dense crystalline 
apatite layer.  
 
 
Figure 8. (a) Bright Field TEM micrograph of surface apatite layer of sample (a) after 
30 day immersion in SBF (b) Nano-Beam diffraction pattern from (a) showing 
crystalline structure (c) Inset on the top left shows the Line-EDX analysis starting from 
left to right as indicated by the line at the bottom of the image (The MGPS region is on 
the left of the line while the needle-like apatite structure is on right) [67]. 
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The line across this selected area represents the TEM Line EDX spectra in 
Figure 8c. The high Si peak shows the initial MGPS region which is then 
covered by the apatite layer and represented by high Ca and P peaks [67]. 
 
 
CONCLUSIONS 
 
PS has the potential to serve as a biomaterial with a wide range of 
applications. It has both tunable and controllable surface properties and 
characteristics favouring the material ahead of most other potential 
applications. It has already been proven as biocompatible, biodegradable and 
can also assist in tailoring current market biomaterials and surface coatings to 
have improved bioactivity both in-vitro and in-vivo. PS is increasingly being 
investigated for drug delivery and therapeutic applications given its unique 
properties including high drug loading capacity, surface porosity, heat and 
radiation stability, and controlled release properties. Current orthopedic 
devices consist mainly of CoCr or Ti which are then surface coated with HA to 
induce osteointegration and bone bonding in-vivo. PS and Si has been shown 
to enhance this bone bonding ability and improve the bioactivity of such 
devices by incorporation of Si into HA. Given the drug loading capabilities of 
PS one could develop a suitable device which not only improves the 
bioactivity of current market HA coatings but which could be fully loaded 
with growth factors to further stimulate bone healing at the implant site. This 
would result in a longer lasting and a more permanent solution to current 
orthopaedic implants and would also allow greater health benefits for the 
patient. The potential to expand and combine this research and further 
integrate it into the therapeutics fields seems limitless. The authors also 
present current work on characterising bioactive MGPS particles and a 
bioactive MGPS-PTFE composite material which have the potential to be 
further developed for suitable bone bonding applications or a guided bone 
regeneration device. The composite material was examined after SBF trials 
and initiated deposition of a ‘bone-like apatite’ on its surface after only 1 day 
of immersion. This ‘bone-like apatite’ contains Si incorporated into its 
structure, which is known to improve apatite’s biocompatibility and results in 
increased cellular differentiation and bone growth. Due to its reactivity in-vitro 
and its nanoporous sponge structure, this material exhibits potential for use in 
bony applications, as well as in drug delivery device applications. This device 
may be used as an enhanced bioactive platform for the incorporation and 
delivery of various pharmacological and biological agents in-vivo. 
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Porous silicon is generally achieved through electro-chemical etching or chemical etching of bulk silicon in
hydrofluoric acid based solutions. The work presented here explores the effect of a chemical etching
process on a metallurgical grade silicon powder. It is found that the metallurgical grade silicon particles
contain surface bound impurities that induce a porous structure formation upon reaction with the
chemical etchant applied. The correlation between the resultant porous structure formed due to the
material composition is examined in detail. The elemental composition is determined using a combination
of X-ray Photoelectron Spectroscopy and Time of Flight Secondary Ion Mass Spectroscopy. The porous
structure is analysed using Transmission Electron Microscopy and Scanning Electron Microscopy. Three
samples of the silicon particles analysed for this study include an un-etched bulk silicon powder sample
and two samples of chemically etched powder. Pore formation within the particles is found to be
dependent on the presence, dispersion, and local concentration of surface bound impurities within the
starting powder.
1. Introduction
Porous silicon (PS) was originally discovered in 1956 by Arthur
Uhlir and Ingeberg Uhlir at the Bell Laboratories in the US
when electropolishing silicon (Si) wafers using hydrofluoric
acid (HF).1 What formed was a coloured porous film on the Si
wafer with pore formation occurring in the [100] direction.2
While this find was noted there was little interest in PS until
1990 when Canham and Lehman et al. made the discovery of
its room temperature photoluminescence as a result of
quantum confinement effects.3–7 There has since been an
abundance of research into porous silicon and related
materials6,8–12 to develop possible applications in areas such
as optoelectronics, microelectronics, chemical and biological
sensors, drug delivery devices and more recently energetic
material devices.13,14 PS therefore has the potential for
numerous applications in a variety of fields but extensive
characterisation of the material is deemed essential before
pursuing possible Si material applications development.
Metallurgical grade Si (MGSi) contains a host of impurities
such as Fe, Al, Ca, C and O.15,16 These impurities are located at
grain boundaries of the material when it is being manufac-
tured.16 Vesta Sciences have developed a process for producing
low cost PS from MGSi powders through a patented chemical
etching process.15,17 In this work, a detailed compositional
investigation is carried out on this MGSi and the metallurgical
grade porous silicon (MGPS) produced post-chemical etching
in line with a structural characterisation of the particle
porosity. The relationship between the composition of the
material and the resulting porous structure formation is
examined in detail in order to understand the porosity
formation mechanisms of this material. It is shown that the
porous morphology is that of a quantum sponge particle with
Si crystallites arranged in a random porous matrix. Detailed
elemental investigation links the specific composition of the
PS produced from the process to the resulting mechanism of
pore nucleation and formation. These results provide an
insight into the development of this nanosponge material
when processed under such conditions. This insight can be
used to help further tailor the material for various applications
from biomedical engineering to military applications.
Microscopical techniques including Transmission Electron
Microscopy (TEM) and Convergent Beam Electron Diffraction
(CBED) were applied to the material. Characteristics including
pore size, volume and pore orientation are studied as an effect
of the processing parameters and etching mechanism, where
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the elemental composition was determined using X-ray
Photoelectron Spectroscopy (XPS) and Time of Flight
Secondary Ion Mass Spectroscopy (TOF-SIMS). Raman spectro-
scopy was conducted to examine variations in crystallite
structure and strain in PS arising from changes to the
conditions used to prepare the PS.
2. Experimental
2.1 Porous silicon preparation
The MGSi powder is supplied from Vesta Ceramics (Sweden)
which is sold under the trademark of SicomillTM. The powder
initially has a particle size of about 1–3 mm before being jet
milled. The jet milled particles are then classified into several
grades with different mean particle sizes ranging from 4 mm to
11 mm. For the study here, E grade particles with a mean
particle size of 4 mm are used. PS particles are prepared by
chemically etching the E grade MGSi particles using a
patented etching process carried out by Vesta Sciences.15,17
The particles are chemically etched in a nitric-acid (NO3)–(HF)
based mixture as described by Farrell et al.15 which induces
the porosity within the MGSi particles. When the etching
process is complete (i.e. photoluminescence is observed due to
quantum confinement of Si feature sizes below the Bohr
radius of the material and also from defect induced emission
for features .4–5 nm in size), the etched powder is removed
from the acid bath and dried in perfluoroalkoxy (PFA) trays at
80 uC for 24 h. By varying the total nitric acid concentration in
the etchant mixture the surface area of these powders can also
be tailored.15,17 The three samples of MGSi powders analysed
in this paper are defined as follows (‘2E’ refers to a specific
grade of material):
1) 2E-Bulk – the starting MGSi powder used to make the PS
particles.
2) 2E-100 – PS powder manufactured from the 2E-Bulk
powder after chemically etching with a nitric acid concentra-
tion corresponding to that needed to obtain the highest
surface area and photoluminescence (100% is defined as the
nitric acid concentration that results in powders that exhibit
the higher surface area, porosity and photoluminescence with
an ultraviolet light15).
3) 2E-60 – as for (2) but only chemically etched with 60% of
the nitric acid used for 2E-100.
2.2 High resolution electron microscopy
TEM specimens were prepared by loading the PS particles onto
Formvar-backed carbon-coated copper grids (Agar Scientific).
TEM analysis was acquired using a JEOL JEM 2100F Field
Emission Electron Microscope operating at 200 kV.
TEM images were recorded with a Gatan Ultrascan 1000
digital camera for standard TEM imaging modes. The TEM is
also equipped with a secondary electron imaging (SEI) detector
which allows Scanning Electron Microscopy (SEM) type images
to be recorded on the TEM. For CBED analysis, crystals were
tilted to the [340] zone axis and a series of CBED patterns
recorded in Scanning Transmission Electron Microscopy
(STEM) mode with a spot size of 1.5 nm using STEM-based
diffraction imaging.18
2.3 Time-of-flight secondary ion mass spectrometry
Time of Flight Secondary Ion Mass Spectroscopy (ToF-SIMS)
analysis of the 2E-bulk and etched 2E-100 Si sample was
performed using the J105 3D Chemical Imager (Ionoptika Ltd
UK). A layer of each sample was deposited onto a silicon
substrate from a dense suspension in methanol. Images were
acquired over a 500 6 500 mm2 field of view, with a primary
ion dose of 1.7 6 1013 ions/cm2 using a 40 keV C60
+ primary
ion beam. Following acquisition principal components analy-
sis (PCA) was performed on the two data sets. PCA is a
multivariate technique commonly used in SIMS and is a widely
used dimensionality reduction technique for data analysis and
interpretation. PCA converts the data into a series of principal
components (PCs). Each PC has an associated loading which is
the contribution of each mass channel to that PC. Each pixel/
spectrum then has a corresponding score on that loading.
Principal components are ordered highest to lowest (highest
being PC1) in terms of the degree of variance within the data
captured by that PC.
2.4 Raman scattering spectroscopy
Raman scattering spectra were acquired from powder disper-
sions of both as-received and etched MGSi particles using a
Horiba Jobin Yvon Labram 1A Raman spectrometer. Spectra
were collected using a 532 nm 100 mW laser source, 1800 line/
mm grating and 106 objective, unless noted otherwise. The
spectrometer was calibrated against the 521 cm21 Transverse
Optical (TO) phonon frequency of a Si (100) wafer; the
resolution of the spectrometer is , 2 cm21. Each spectrum
presented is the average of three accumulations.
2.5 X-ray photoelectron spectroscopy
XPS was performed to analyse the surface chemistry of the Si
particles using a Kratos AXIS 165 spectrometer with monochro-
matic Al Ka radiation of energy 1486.6 eV. High resolution
spectra were taken at fixed pass energy of 20 eV. Binding energies
were determined using C 1s peak at 284.8 eV as charge reference.
For construction and fitting of synthetic peaks of high resolution
spectra, a mixed Gaussian–Lorenzian function with a Shirley type
background subtraction were used.
2.6 X-ray fluorescence and inductively coupled plasma
spectroscopy
The samples were supplied with X-Ray Fluorescence (XRF)
Spectroscopy and Inductively Coupled Plasma (ICP)
Spectroscopy completed by Vesta Sciences as shown in section
4.1.
3. Experimental results and discussion –
morphology
3.1 SEM and TEM of silicon particle surface structure
The particle morphology was studied from a series of SEM and
TEM images. Fig. 1a and b show high resolution SEI images of
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sample 2E-100. These images were acquired in SEI mode,
which provided higher resolution imaging of the surface
morphology compared to FESEM and thus shows the porous
surface area in much more detail. On examination of the
selected PS particle it is evident that the surface of the particle
is completely porous in nature. The Si particle size ranges from
4–5 mm with pore sizes ranging from 8–15 nm in diameter.19
Similar porosity was observed for sample 2E-60 but with a
smaller pore volume per surface area.19 The 2E-bulk Si sample
consists of solid Si particles.19
3.2 TEM-CBED of silicon particles
TEM-CBED analysis was performed on the surface of the
2E-Bulk sample to examine the possible strain change within
the material when compared to sample 2E-100. Secondary
Electron Imaging (SEI) in combination with high spatially
Convergent Beam Electron Diffraction (CBED) was performed.
Due to the converged beam of illumination, High Order Laue
Zone (HOLZ) lines are formed inside the CBED patterns
(Fig. 2) and are very sensitive to any lattice changes. Based on
the appearance of HOLZ lines, the qualitative nature of the
pore structure was determined.
Along the spectrum image line as indicated in Fig. 3a for an
unetched Si particle (2E-Bulk), successive [340] HOLZ lines are
collected to identify any local lattice distortions. ,004. two
beam CBED patterns are also recorded along the spectrum
image line and based on the distance between Kossel–
Mo¨llenstedt (KM) fringes inside CBED discs, particle thickness
has been calculated and shown to vary from 358 nm to 393
nm. Fig. 3b and c show two experimental [340] HOLZ line
patterns obtained from the spectrum image series. Fig. 3d and
e highlight the region where the HOLZ lines intersect showing
no shift in the HOLZ lines intersection point indicating that
the lattice spacing remains constant within this region.
In the fully etched porous Si particles (2E-100), a series of
[340] HOLZ line patterns were taken along the spectrum image
line as seen in Fig. 4a. Fig. 4b and c show two different HOLZ
lines patterns that were part of a spectrum imaging series
clearly displaying a shift in the HOLZ line intersection
positions; the shift is shown at higher magnification in
Fig. 4d and e. As the HOLZ lines are related to the HOLZ
reflections with large reciprocal lattice vectors of the crystal
lattice, their positions are highly sensitive to lattice deforma-
tions.20 To further understand the HOLZ line shift diffraction
contract imaging is performed as discussed in section 3.3
3.3 Diffraction contrast imaging of porous silcion nanosponge
particles
Dark field HRTEM imaging is used in a two-beam condition to
obtain high contrast images of the crystalline phases. Fig. 5,
represents ,220. dark field images obtained from (a) sample
2E-bulk and (b) 2E-100. The required diffraction contrast was
established by tilting the particles from the [011] zone axis
orientation towards the (220) reflection. In Fig. 5a, due to the
non-uniform thickness of the Si particle in the electron beam
direction, thickness fringes are observed. In Fig. 5b, bright
spots are observed on the particle surfaces indicating that
Fig. 1 (a) SEI micrograph of sample 2E-100 oriented in [340] zone axis (b)
Corresponding higher magnified image clearly showing porous nature of the
particle.
Fig. 2 a) Convergent Beam Imaging (CBIM) micrograph of [340] oriented
unetched Si particle exhibiting both real and reciprocal space information b)
Corresponding Secondary Electron Image (SEI) of unetched Si particle illustrat-
ing the surface morphology of the crystal.
Fig. 3 a) SEI image of a 2E-bulk particle indicating the spectrum image line
where sequential CBED patterns are collected b), c) Two [340] CBED patterns
taken from spectrum image and HOLZ lines intersection points which are very
sensitive for lattice changes are highlighted d), e) Enlarged region of [340] HOLZ
lines showing that there is no shift/change in intersection point.
This journal is  The Royal Society of Chemistry 2013 RSC Adv.
RSC Advances Paper
Pu
bl
ish
ed
 o
n 
02
 A
ug
us
t 2
01
3.
 D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 o
f L
im
er
ic
k 
on
 0
9/
09
/2
01
3 
10
:5
9:
38
. 
View Article Online
crystalline Si nanoparticles appear on the surface after etching.
These Si clusters have been etched out of the bulk Si particles
and are scattered among the porous regions of the PS samples.
Hence, from the dark field imaging, it is clear that Si nano-
crystallites exist on the PS particle surface, so the main cause
for the line-shift observed in the PS particles in section 3.2 is
due to presence of Si nano-crystallites on the particle surfaces.
The analysis here corresponds to work by Peng et al.
describing the mechanism for pore formation showing metal
particles at the bottom of the pores of a Si sample material
after etching and pore formation.21 In the case of MGPS it is
proposed that the metallic impurities which are on the surface
in the 2E-bulk sample could also be driven into the Si material
during pore formation leaving only the removed Si dispersed
among the surface pores, confirming the relative abundance
in variations between elements detected by XRF, ICP and TOF-
SIMS post-etching described in later sections. Si nano-particles
have also been observed previously where particles were
dispersed among a surface bound oxide layer post-electro-
chemical etching.22
4. Experimental results and discussion –
elemental analysis
4.1 X-ray fluorescence and inductively coupled plasma
spectroscopy of silicon particles
XRF and ICP analysis were carried out on samples 2E-Bulk and
2E-100 to explore the concentrations of elements present
around the surface and within the Si particles. Table 1 shows
the quantitative concentrations of elements detected. It was
found that the Fe (0.5%) and Al (0.2) concentrations are
greatest, followed by Ca (0.08%) and C (0.06%) in sample
2E-Bulk. These values indicate just how small these levels of
impurities are dispersed throughout the Bulk Si particles.
These values correspond to the patent standard and are also in
line with what is observed for standard MGSi powder.15,16 The
levels of Fe, Al, Ca, C and O observed in sample 2E-100 using
XRF analysis are less than those observed in sample 2E-Bulk.
This corresponds to the mechanism that the MGSi powder
contains impurities which, upon reaction with the HF based
electrolyte, induce porosity at the Si particle surface via
electroless etching processes. The impurities are then attacked
in a cathodic reaction which leaves a porous structure
throughout the outermost region of the Si particle. These
impurities would then be significantly reduced in the material
to smaller amounts dispersed throughout the remaining non-
porous region of the PS sample. Previous reports have shown
that the application of certain elements onto a Si surface will
induce porous layer formation once electro-chemically or
chemically etched in a HF based solution. Metal-assisted
etching using thin films of Pt and Ag on Si has shown PS
formation23–26 and incorporating Fe into HF solutions has also
been shown to affect the etching process to some degree.27 Al
has already been shown to induce a porous layer structure
formation in Si in a study which chemically etched a thin Al
film on a Si substrate.28 The Al film (up to 200 nm in
thickness) reacted with the HF solution and in this case was
the key mechanism for hole initiation and the porous
structure formation.28 These results correlate directly to the
porous structure formation mechanism proposed in this paper
and is further highlighted by the mass loss (% reductions) of
the impurities pre and post chemical etching. Fe, which is the
most abundant element, is reduced by 84% while Al and Ca
are reduced by 81% and 83% respectively.
Fig. 4 a) High resolution SEI micrograph of sample 2E-100 PS sample showing
spectrum imaging location of one particular pore b), c) Two [340] CBED patterns
collected from spectrum image showing the shift of HOLZ line position d), e)
Enlarged region of [340] HOLZ lines clearly showing shift in the position of
intersection point. (Reader is advised to go through the supplementary video
file in order to visualise how the HOLZ lines move in the spectrum imaging
patterns).
Fig. 5 (a) Typical ,220. dark field images of sample 2E-bulk Si particle and (b)
sample 2E-100 PS particle.
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4.2 X-ray photoelectron spectroscopy of silicon particles
XPS was utilised to establish the surface layer composition of
the PS particles. The three samples analysed included the
2E-bulk Si sample, sample 2E-100 and sample 2E-60. All
samples showed the presence of Si, O and C and in the case of
chemically etched 2E-100 and 2E-60 samples notable amounts
of F were also identified. Other impurities were not observed
perhaps due to their very low concentrations (less than the
detection limit of XPS y0.1 atomic%). Fig. 6 shows the XPS
survey spectra of the 2E-bulk Si sample. The prominent peaks
are Si (Si 2p, 2s), C (C 1s) and O (O 1s, KLL X-Ray induced
Auger transition). These peaks are similar to previous XPS
analysis of PS.29 Feng et al. has shown that 200 mm thick PS
membranes showed similar peak positions to those observed
here for the PS and Si particles.29 Quantification of elements
from XPS analysis is given in Table 2 with relative percentage
concentrations of F at 2%, C at 28.6%, Si at 60.2%, and O at
9.2% for 2E-100. Similar results were obtained for 2E-60. The
respective peaks for 2E-bulk Si indicated percentage concen-
Table 1 XRF and ICP concentrations of surface elements for 2E-Bulk and 2E-100a
Elements XRF (2E-Bulk) % ICP (2E-Bulk) % XRF (2E-100) % (% XRF Reductions)
Fe 0.3–0.5 0.31 0.08 73–84
Al 0.08–0.2 0.18 0.038 53–81
Ca 0.03–0.08 0.031 0.014 53–83
C ,0.06 0.0327¡0.0010 0 100
O 0 0.3722¡0.0038 0 0
a All results were obtained in collaboration with Vesta Research.
Fig. 6 a) XPS analysis of sample 2E-bulk; b) and c) high resolution Si 2p spectra of 2E-bulk and 2E-60 respectively.
This journal is  The Royal Society of Chemistry 2013 RSC Adv.
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trations C at 8.7%, Si at 61.1%, and O at 30.2%. The presence
of F in the PS samples can be attributed to the etching process.
A high resolution Si 2p spectrum from the 2E-bulk Si sample
is shown in Fig. 6b and can be fitted with three sets of
doublets. The majority of silicon is present as elemental Si
with Si 2p3/2 at a binding energy of 98.8 eV. The peaks at
higher binding energy of 101.1 eV and 102.8 eV can be
attributed to silicon oxide SiOx (x , 2) and SiO2 respec-
tively.30,31 The presence of the related O 1s at 532.3 eV
confirms that the more abundant of the oxides, SiO2, is largely
stoichiometric. However, Si 2p spectra of sample 2E-60
(Fig. 6c) are dominated by low binding energy peaks
corresponding to elemental silicon with a relatively minor
contribution from higher binding energy components at 103.6
eV which may be attributed to SiO2 or a residual SiFx complex
from the etching process, which proceeds according to a series
of galvanic displacement reactions according to
M+ + e2 A M0 (where M is the metal impurity)
Si + 2H2O A SiO2 + 4H+ + 4e2
SiO2 + 2HF2
2 + 2HF A SiF622 + 2H2O
The higher content of oxygen on the surface of sample
2E-bulk (30.2 atomic%) can be attributed to it being the bulk
starting material and likely to have undergone surface
oxidation. The O content is significantly reduced in the PS
samples indicating it was removed through the applied
chemical etching process and HF reaction at the Si surface.
Increased carbon content on the surface of the etched PS is
due to the environment in which XPS analysis is conducted.
4.3 Time of flight secondary ion mass spectroscopy of silicon
particles
Further analysis of the Si particle composition was carried out
using TOF-SIMS analysis. Sample 2E-bulk showed the standard
elements associated with the MGSi powder. The total ion
images of both the bulk and etched samples can be seen in
Fig. 7. Images were acquired over a 500 6 500 mm2 field of
view, with a primary ion dose of 1.76 1013 ions cm22 using a
40 keV C60
+ primary ion beam.
The scores and loadings for the Principal Component (PC) 2
of the 2E-bulk un-etched particles can be seen in the spatial
score maps in Fig. 8a. The scores image (Fig. 8a) highlights
where red indicates a negative score and green indicates a
positive score. In comparison to the total ion image (Fig. 7a) it
is apparent that the highlighted regions with this chemistry
i.e. green regions are cluster/groups of the Si particles. From
the corresponding loadings (Fig. 8b) it is evident that the Al+,
Ca+ and Fe+ are correlated to these Si cluster groups,
confirming the elemental composition analysis from XRF
and ICP analysis in Table 1. Some salts (Na+, K+) are also
correlated in this PC.
The etched samples (2E-100) can be considered in a similar
manner. The scoring map indicates a reduced abundance of the
Al+, Ca+ and Fe+ species, captured in the PC3 loading in Fig. 8d.
These analyses have demonstrated the presence of these metals
on the Si particles before and after etching and are thus not
released into the etching solution after chemical reduction
during the etching process. Remnant Na+, K+ were easily
dissolved and removed from the particles in the aqueous HF-
based etching solution. However, changes in the valence or
quantitative relative abundances cannot be deciphered from this
analysis, particularly since the presence of reduced metal species
after galvanic displacement or electroless reactions are lodged
within the nanoporous structure of the silicon sponge particles.
4.4 Raman scattering spectroscopy of porous silicon quantum
sponge particles
Raman spectroscopy is a powerful technique that can be
employed in structural and dynamic studies of PS.29,32 A typical
Raman spectrum for crystalline Si usually consists of a
symmetric first order transverse optical phonon centred at
y521 cm21.33,34 As the grain size in micro-crystalline Si
decreases, the Raman shift and peak width increases and the
line-shape becomes asymmetric (which also occurs with doping
changes, which is invariant in this case) with an extended tail at
lower frequencies for quantum confinement or small size
effects. In amorphous Si the Raman peak is broad and usually
weak at 480 cm21.33,34 Here, micro-Raman scattering spectro-
scopy was conducted on samples 2E-100, 2E-60 and 2E-bulk Si
(Fig. 9a) to examine the development and influence of porosity
on the overall structure, specifically the presence and associated
influence of nano-sized crystallites of silicon.
The main Si peak in the 2E-bulk Si occurs at 517 cm21,
compared to 521 cm21 measured for bulk Si(100) and the TO
phonon mode is sharp and symmetric compared to highly
doped Si(100), which displays a blue asymmetry indicative of
highly p-type Si. The TO modes for both 2E-60 and 2E-100
Table 2 XPS % concentrations of surface elements for 2E-100, 2E-60 and
2E-bulk
% Concentrations Sample 2E-100 Sample 2E-60 Sample 2E-bulk
Fluorine 2.0 1.3 0
Carbon 28.6 24.5 8.7
Silicon 60.2 65.6 61.1
Oxygen 9.2 8.6 30.2
Fig. 7 Total ion images (500 6 500 mm2) of (a) 2E-bulk sample (b) 2E-100
particles.
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occur at 516 cm21 and 510 cm21 (Fig. 9b), has an asymmetric
line shape with asymmetry appearing on the lower (red) energy
side indicative of phonon confinement due to reduced sizes,
as the doping density remains invariant for the same particles
and no excess heating has been applied externally or through
Joule heating by the incident Raman probe beam. Generally
for PS it is considered that the broadening and a downshift of
the TO mode towards lower energies indicates the presence of
nanoscale features of the crystalline structures and is distinct
for high porosity layers of PS.35 A slight lower energy downshift
of the peaks was observed in 2E-100 compared to 2E-bulk Si.
These quantum confined features come from the smallest
pore wall structures but particularly from the high density of
small ,5 nm crystallites seen by STEM, as outlined in section
3.3. These core Si values do not correlate directly with Si or PS
substrates with typical Raman peaks around 521 cm21 but are
more closely linked to the PS membranes studied by Feng
et al.29 In that work, Raman spectra of PS membranes removed
from anodically oxidised p-type ,100. Si substrates, showed
dominant Raman shifts between 502 and 512 cm21.29 The
bands located near 300 cm21 correspond to an acoustic
phonon (2TA). These values correlate directly to what is
observed for sample 2E-100 in Fig. 9. The features between
900–1000 cm21 indicate second order optical modes,29 as seen
in both samples 2E-100 and 2E-60.
It has also been shown that surface strain or stress in PS can
also contribute to a downshift in the Raman peak as is
observed from 2E-bulk Si to 2E-100 in Fig. 9b. The positions of
the characteristic Raman peaks of a material correspond to the
vibrational energy of the phonon modes. However, if the
crystal lattice deforms, the position of the mode may shift to
the left or to the right, due to an energy variation in the
vibration of the lattice. Lang et al. reports that the lattice
constant of PS is somewhat strained and a stress value
corresponding to such a lattice strain is known to shift the
Raman peak to lower energies36 known as phonon softening.
The incorporation of a surface oxide may relax the surface
strain to some degree in PS.36 The authors discuss a linear
relationship between uniaxial or biaxial stress and the shift of
the TO mode of the sample. The reduction in total free energy
within the particle, is such that the porous particle is rendered
more brittle compared to the bulk particle can be calculated
from the empirical formula37e = sst?Dv, where v represents
the peak positions in cm21 for strained and bulk Si, and Dv
represents (vbulk 2 vpore), sst = 0.123 is the inverse strain-
phonon coefficient in cm, and e is the % strain.
The quantum confinement caused by crystallites of silicon
and also the smallest of porous wall features by monitoring
the asymmetry and frequency shift or the TO phonon mode is
shown in Fig. 9b. For both 2E-bulk and 2E-100 samples, the
Raman shift from respective TO modes correlates to a % free
energy reduction of 47% for 2E-bulk particles compared to a Si
(100) crystal, and a further 18% reduction (65% compared to
Si(100)) upon partial porosification for 2E-60 samples, but a
very large 136% reduction in free energy for fully etched 2E-100
particles compared to Si(100). In this process, every stress
relieving interface will most likely contain metallic ions
amenable to electroless etching and thus all galvanic
displacement reactions on the surface will lead to a significant
reduction in internal particle free energy.
The crystallite size L of the porous Si quantum sponge
particles can be estimated from the Raman shift according to:
Dv = 52.3 (0.543/L)a
Fig. 8 (a, b) Scores image and the corresponding TOF-SIMS loading spectrum from PC2 of the 2E-bulk Si particles and (c, d) from PC3 of the etched 2E-100 Si particles.
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where Dv is the Raman shift between that from a silicon wafer
(521 cm21) and the TO phonon frequency from each of the TO
phonon peaks from the Si sponge particles. The power law
dependence determined empirically is a = 1.59. The crystallite
sizes for 2E-60 and 2E-100 (with respect to a Si wafer) are estimated
to be 1.93 and 1.16 nm respectively. These values correspond to
the electron microscopy observations in Section 3.3.
5. Discussion – porosity formation
5.1 Porosity formation in metallurgical grade silicon
Understanding the porosity formation mechanisms in Si,
when processed under certain conditions is essential for
successful tailoring of the material for final applications.
Hence there has been an abundance of work completed on
different Si materials using different etching methods.38–41 PS
is generally achieved when doped Si wafers are electrochemi-
cally or chemically etched using HF based solutions.42,43 Pore
formation and propagation is usually dependant on the
crystallographic orientation of the Si wafers used in an
electrochemical or chemical etching process. Other important
properties of the PS material such as resultant pore size, pore
volume and pore depth are very much dependant on the
anodisation conditions applied i.e. HF concentration, oxida-
tion, carrier type (n-type or p-type), current density applied, the
anodisation method and duration etc.8–10,44,45 These para-
meters can be tuned to some degree resulting in tailoring of
the Si porosity to desired conditions. Other etching methods
derived from standard electrochemical and chemical etching
processes include metal-assisted etching and in this method,
PS is produced by electroless etching and galvanic displace-
ment reactions between certain metallic ions at the surface in
a fluoride-containing electrolyte.23–26 The application of a thin
metallic film or metal particles (Au, Pt, Al, Ag, palladium (Pd))
onto the surface of the Si substrate results in a cathodic–
anodic reaction (metal film or particle being the cathode) and
the Si material (when oxidised becoming the anode) which
then results in a boring or sinking of the metal particles into
the Si surface creating pore formation. Various metallic–Si
interface reactions can be explained but essentially in the case
of Ag particles for example, the Si beneath the Ag is oxidised by
hole injection when the oxidising agent (hydrogen peroxide
(H2O2), sodium persulfate (Na2S2O8) or HNO3 are typically
used in the etching solution) is reduced on the Ag. Therefore
the Si is oxidised which reacts with the HF to form a water-
soluble complex and thus the holes are then simply the
sinking or boring tracks of the Ag particles.24 Etching pure Si
wafers in HF without prior hole injection simply results in a
passivated surface layer.46 Understanding these porosity
formation mechanisms is key in outlining the mechanisms
responsible for porosity formation in MGSi containing
metallic impurities, processed under similar conditions.
XRF and ICP analysis confirmed the presence of Fe, Al, Ca, C
and O dispersed throughout the MGSi particles. These metal
ions which are considered mostly surface bound within the Si
particles react with the HF based chemical etchant applied,
which in the case of this study is HF, HNO3 and water (H2O).
Nitric Oxide (NO) is produced on the surface of the Si which
serves as the hole injector.44 The rate of dissolution depends
on the number of injected holes per atom, which in the
present case is greatest for Al3+ compared to Fe2+ or Ca+. Beck
and Gerischer proved that the reaction rate is proportional to
the surface concentration of holes.47 Due to the different
reactivities of surface electrons and holes, the doping type of
the crystal leads to very different reactivites for n-type and
p-type doping; in the case of intrinsically doped MGSi particles
here, the role of the hole injector ions is paramount.
The presence of a hole in the valence band reduces the
strength of bonds in the vicinity and makes the substrate
atoms more susceptible to attack by nucleophiles. Similarly,
the presence of a conduction band electron weakens bonds in
its vicinity and makes those substrate atoms susceptible to
electrophilic attack. Additionally, the likelihood for these
galvanic displacement reactions also depends on having a
small electronegativity difference between the metal ion and
the silicon and coupled with the relative abundance of the
respective ions, leads to variable etching rates. All three will
Fig. 9 (a) Micro-Raman spectrum of PS samples 2E-100, 2E-60 and 2E-bulk Si (b)
TO phonon modes for PS samples 2E-100, 2E-60 and 2E-bulk Si.
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participate and their spatial density on the particle (highest on
the surfaces which were originally the grain boundaries in the
pre-milled MGSi) results in a complicated process where the
result is a Si ‘sponge’. It is noted that the Si ‘sponge’ still
contains some levels of impurities which are greatly reduced
as determined using XRF and ICP. The TOF-SIMS spectra
correlate well with the XRF and ICP analyses when the galvanic
displacement reactions are considered. Each of the metal ions
is reduced by extracting a number of electrons from the silicon
equivalent to the valence of the ion; the rate of electroless
etching is greatest for Al and thus the relative abundance is
minimum post-etching as the metallic Al0 is contained
furthest into the sponge structure (assuming some of each
element is lost through equivalent mass transport into the
aqueous etching solution). This etching process also has a
resultant effect in that Si remnants are removed during the
etching process and are then dispersed among the surface
pores as nano-crystallites. This is observed through TEM-
CBED and Diffraction contrast imaging of the PS particles and
confirms the relative abundance in variations between
elements detected by XRF, ICP and TOF-SIMS post-etching.
Raman Spectroscopy confirmed these Si nano-crystallites
result in a lower energy downshift of the peaks as observed
in 2E-100 compared to 2E-Bulk Si and the calculated crystallite
size conforms to what is observed through diffraction contrast
imaging. The Raman data points to a reduction in free energy
within the samples after etching, which may indicate strain
relaxation within individual particles as a result of the
reduction of impurity levels.
While random levels of impurities resulting in random pore
formation at different sites is also possible the majority of
pores will be formed at the outermost surface resulting in a PS
shell or sponge surrounding a solid Si core. In the case of
sample 2E-100 which has an average particle size of about 4–5
mm then this porous outer shell can be up to 1 mm thick as
observed through FIB and SEM.19,48 In sample 2E-60 a similar
pattern structure is observed but the porous outer shell is
y600 nm thick for the same sized particles as sample
2E-100.19,48 This is due to the time difference in the etching
processes. Secondary electrons (SE) are those electrons emitted
by the specimen which are having energies in the range of 0 to
50 eV. Due to these weak energies of SE, they are limited to
very small depth called escape depth below the surface of the
particle.49 Hence Secondary Electron Imaging (SEI) is highly
dependent on surface topography of the material.
6. Conclusions
The porous silicon (PS) used in this study is comprised of
metallurgical grade PS particles that contain a porous sponge-
like boundary up to 1 mm thick with a solid silicon core as a
result of the etching process. CBED analysis on individual
particles has indicated no shift in HOLZ Lines when different
areas of the particles of the as-received unetched material is
analysed. Shifts in these HOLZ lines occur on etched samples,
but diffraction contrast imaging indicates the presence of small
crystallites (y1 nm) on the surface of etched particles which are
likely to have led to the HOLZ line shifts. The discovery of these
small crystallites etched from the pores of the Si particles has not
previously been reported in these materials, but is backed up in
this paper through micro Raman measurements.
XPS, ICP and XRF data confirms the presence of impurities
in the Si particles analysed, while the TOF-SIMS data gives a
map of the elemental distributions which has not been
observed previously. It is clear that the porosity formation
mechanisms for MGSi when chemically etched using the
method outlined previously is due to the galvanic displace-
ment reactions between the metal ions (impurities) at the
surface of the MGSi particles and the chemical etchant
composition used. The Raman data highlights a free energy
reduction in the samples post-chemical etching, which may
indicate strain relaxation within individual particles due to the
reduction of impurity levels.
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Appendix C 
 
Characterisation Techniques not suitable for MGPS 
particles 
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C-Characterisation Techniques not suitable for MGPS particles 
 
Microstructure and Porosity investigation: 
A microstructure and porosity analysis study was carried out in accordance with the 
guidelines set out in ‘Ion Polishing Cross-Sectioned Specimens in the 
PIPS’-Technical Note 9204. MGPS sample preparation was carried out using a Gatan 
precision ion polishing system (PIPS) and guidelines followed as per the technical 
note. This study was unsuccessful as it was not possible to observe the microstructure 
or porosity in detail (surface damage from this technique) and was therefore not 
included within the main body of this thesis (See Figure A1 below). 
 
 
Figure. A1 PIPS MGPS Sample Preparation 
 
Porosity & Pore Depth investigation: 
To further investigate the porosity and pore depth within the MSPS particles a study 
was carried out with Calum et al. whereby cobalt nitrates were loaded into the pores 
of the MGPS particles with the hope to view the pore depth and structure in detail on 
TEM. Sample preparation and analysis methods were followed in accordance with 
‘Metal Oxide Porous Single Crystals and Other Nanomaterials: An HRTEM Study’ . 
This study was however, unsuccessful and was therefore not included within the 
main body of this thesis. 
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Tomographical Series: 
Previous studies have used tomography to obtain various morphological 
characteristics of materials as well as pore information. 
1-2
 Two MGPS particles were 
isolated from sample 2E-100 and Transmission Electron Microscopy (TEM) images 
were recorded at tilt angles about the x-axis ranging from -37° to +37° at 2° intervals. 
Using IMOD image analysis software, 
3
 they were then built into a tilt series. From 
the tilt-series, the core of the MGPS particle in Figure A.2 (left image) is observed, 
indicating a thicker core region compared to the outer region of the particle, but it is 
not possible to tell from the TEM tilt series if this section is porous or not. In the 
right image, the tilt series for the smaller MGPS particle shows that the pores seem to 
penetrate all the way through. The main limitation of this technique in this case is 
that the particle size is generally too large to allow electrons to penetrate through and 
is therefore limited to particles with thicknesses of less than approximately 200nm. 
Due to this limitation, it was not possible to construct a full tomographical series for 
this sample.  
 
 
Figure. A.2 TEM micrographs of MGPS particles used for tilt series from 
sample 2E-100 
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Porosity Analysis using FIB Lift Out Technique 
Porosity analysis was carried out on MGPS samples using the Fib lift out technique 
on a FIB workstation with SIMs III attachment. Samples were mixed with Cu 
powder at a ratio of 2:1 and the mixture was then compressed into pellet form and 
ion-milled. Successful porosity analysis could not be achieved using this method. 
 
 
Figure. A3 PIPS MGPS Sample Preparation 
 
Elemental Characterisation: 
A study where SEM-EDS analysis was carried out on all MGSi and MGPS samples 
to investigate the impurity content was performed. The Author adjusted the beam 
current and analysis time over a wide range of different periods in order to detect the 
surface bound impurities present in the Si material. However, given the detection 
limit of EDS this study was unsuccessful. 
 
Particle & Pore Morphology-MeX Software 
A study was performed using MeX image analysis software where a digital 
evaluation model (DEM) was created which could be rotated freely to give a 3D 
view of the surface morphology of the MGPS mater ial. While a model was created 
no information regarding porosity was achieved due to the nm size of the pores. 
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Figure. A4 DEM of MGPS 
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